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V X O -U D
To my parents, 
and to  my ch ild re n  
Shazia, Nadeem and Sa’ adia*
Determination o f the sp a tia l d istr ib u tio n  and q u a n tifica tio n  of 
concentration of pure b eta - and photon-emitting radionuclides in  
absorbing media by external measurements i s  the subject of th is  study. 
Measurements o f rad iation  and the operation of radiation detectors are 
based on the radiation  in tera ctio n s with matter and the theory governing 
these in tera ctio n s has been d iscussed . Various techniques for lo c a lis in g  
pure beta- and photon-em itting radionuclides s itu a ted  in sid e attenuating  
media have been suggested on a th eo retica l b a s is , and have been 
experim entally shown to  work su c ce ssfu lly .
Most of the work i s  • on s in g le  photon em ission computed tomography 
(SPECT). The theory of mathematical reconstruction of a two dimensional 
d istr ib u tio n  from i t s  projection s i s  discussed and reconstruction  
techniques and th e ir  r e la t iv e  m erits and demerits have been reviewed.
SPECT seeks the determination o f absolute regional radionuclide  
concentrations as a function o f tim e. A SPECT system has been developed 
by modifying an e x is t in g  transm ission CT scanner and the reconstruction  
algorithm s. The performance of the SPECT system has been te s ted  for a 
number of point sources and various extended sources in  gas, liq u id  and 
so lid  forms. The SPECT scanner in  i t s  present design i s  capable of 
performing in  both the transm ission and em ission modes. The 
ch a ra c ter is tic s  of the SPECT scanner, including the detector e f f ic ie n c y ,  
sp a tia l reso lu tion  and the e f fe c t  of collim ator s iz e ,  have been studied  
experim entally.
The major problems faced by SPECT include the so lid  angle e f f e c t ,  which 
in fluences the c o lle c t io n  e f f ic ie n c y , inscattered  rad ia tion , and 
attenuation o f photons in sid e  the surrounding medium. These problems 
together with th e ir  various p o ssib le  so lu tion s have been d iscussed  in
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i i i
d e t a i l .  Methods for compensation for s o lid  angle v a r ia tion , in scattered  
rad iation  and photon attenuation  have been devised and used su c ce ss fu lly  
to  compensate the projection  data.
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CHAPTER 1
INTRODUCTION
The use of radiology in  medicine and industry sta rted  soon a fter  the 
discovery of X-rays by Roentgen in  1895. F ifty  years la te r  follow ing the 
commercial production o f rad ioactive isotopes the in-depth lo c a lis a t io n  
o f radionuclides in  absorbing media became equally important in  medicine
and industry. In medicine the depth of a radioactive source in sid e  an
organ has to  be determined for the purpose of accurate body burden
measurements r or the depth of a particular organ may need to  be 
determined for surgery or for radiotherapy. In nuclear industry the 
study of spent fu e l rods for f is s io n  products lo c a lis a t io n  or the assay 
of nuclear waste b ins to  lo c a l is e  the centres o f a c t iv ity  are important 
ap p lica tion s of such measurement techniques. The problem of in-depth  
lo c a lis a t io n  o f a rad ioactive  source i s  equivalent to  the measurement of 
the th ickness o f an attenuating layer between the source and the 
d etec to r . A nalysis o f nuclear radiation spectra i s  w idely used to  obtain  
inform ation about the radionuclide composition o f a source m aterial. 
However, a com pletely d if fe r e n t  approach i s  required i f  the sp a tia l  
d istr ib u tio n  of a given radionuclide i s  required. Since ion isin g  
rad iations are attenuated in  an energy dependent manner as they pass
through matter the lo c a lis a t io n  of a radionuclide in  an absorbing 
m aterial can be done by a n a ly s is  of the nuclear radiation  spectrum that 
emerges at the surface of the absorbing medium.
Alpha em itters are d i f f i c u l t  to  lo c a lise  in  th ick  absobers since  
alp h a-p artic le  are heavy charged p a r tic le  of very short range fyjim), but 
such radionuclides can be located  by th eir  accompanying penetrating  
gamma-radiation in  favourable ca ses .
The depth of a pure beta-em ittin g  radiionuclide can be estim ated by
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measuring the s h i f t  in  the maximum energy o f the continuous spectrum, 
caused by the energy lo s s  o f b eta -p a rtic les  on th e ir  way through matter. 
Meloni e t  a l  [1969] and Van De Geijn [1974, 1976] have used th is  method 
to  determine the depth o f pure beta-em itters in  th in  absorbers by 
analysing the beta spectrum at the surface of the absorber. Since 
b e ta -p a r tic le s  have f a ir ly  short range (-mm) in  absorbing m aterials, th is  
method i s  app licab le  only for samples of absorbing media where the 
th ick ness o f the absorber i s  le s s  than the maximum range of 
b e ta -p a r tic le s . So, for the cases where the th ick ness of the absorber 
between source and d etector i s  greater than the maximum range of 
b e ta -p a r tic le s , one has to  look for some other means of lo c a lis in g  pure 
b eta -em itters . In t h is  case the depth of a beta-em itter in  an absorber 
can be determined by extern al measurements o f more penetrating rad iation , 
bremsstrahlung, which i s  produced as the fa s t  e lec tro n s are slowed down. 
Bengtsson [1964], Tubiana e t  a l [1958] and Beidleburg e t  a l [1963] have 
d etected  the b eta -em itters d istrib u ted  in large body organs by measuring 
ex tern a lly  the bremsstrahlung produced. Gaur and Vanketeswaran [1982] 
have suggested the use o f bremsstrahlung spectra to  estim ate the depth of 
a poin t source in  absorbing medium. The method used for the work 
reported in  th is  th e s is  i s  based on external measurements of the s h i f t  in  
th e bremsstrahlung sp ectra  with increasing th ickness of the absorber 
s in ce  the bremsstrahlung photons undergo some degree of attenuation while 
passing through the absorbing medium. For the purpose of body burden 
measurements where the beta-em itters have to  be estim ated q u a n tita tiv e ly , 
t h is  attenuation  has to  be taken in to  account. The source strength can 
be determined from extern al detection  measurements when the depth of the 
source in sid e  the media i s  known.
Positron em itters can be lo c a lis e d  by the measurement of the an n ih ila tion  
rad iation  in  a coincidence set-u p .
Photon em itters in  an absorbing medium can be lo c a lis e d  by observing the
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s p e c if ic  changes in  the shape of th e ir  spectra caused by d iffer in g  degree 
of attenuation  between the source and d etector. Mohindra and McNeil 
[1965] were the f i r s t  to  examine both the change in the widths o f  
gamma-peaks and a lso  the ra tio  of counts in the "valley" ju st below the 
fu ll-en erg y  peak to  th a t of ful1-energy region counts (valley-to-peak  
ra tio ) as a function  o f source depth and photon energy. They found th at 
the va lley-to-p eak  r a tio  (or scatter-to-peak  ratio ) was more se n s it iv e  to  
source depth compared to  the changes in the fu ll-en ergy  peak width, 
p a rticu la r ly  a t low en erg ies . The scatter-to-peak  ra tio  (SPR) was used 
to  estim ate the depth o f Am-241 (60 keV) deposited in  the lungs [Toohey, 
1975]. The SPR was a lso  used as a correcton for thyroid depth with two 
uncollim ated Nal(Tl) d etectors [Wellman and K ereiakes, 1967] and as an 
organ depth attenuation  correction  factor using a s in g le  collim ated  
Nal(Tl) detector [Meneely e t  a l ,  1962] although geom etrical 
considerations required th a t the source area be sm aller than the detector  
f i e ld  o f view. I t s  f i r s t  use with a la r g e - f ie ld , p a ra lle l-co llim a ted  
gamma camera which was capable of storing data from a dual energy window 
(one for sca ttered  ra d ia tion , the other for fu ll-en ergy  peak events) was
197in  a q u an titative renal uptake study with HgClg [Kacperek e t  a l ,  1975].
The depth of a photon source can a lso  be determined from the d if fe r e n t ia l  
attenuation  o f the rad ia tion  from a multi-energy photon source. This 
technique was proposed by Dolan and Tauxe [1967, 1968] for kidney depth 
measurements using a so lu tio n  la b e lled  with 1-125 (35keV) and 1-131
(364keV), with co llim ated  counters and extended to  a r ec tilin e a r  scanner 
to  image the r a tio  o f counts in  the two fu ll-en erg y  peaks in  a water 
phantom. The technique was applied to  tomography using la b e lled  
I-125 /I-131  sodium iodohippurate and depth d ifferen ces o f kidney down to  
10mm were observed [Ostrowski and Toth i l l ,  1975]. Kaplan and Ben-Porath 
[1968] have described a method o f depth determ ination by colour 
modulation using 1-125 and 1-131. Oldendorf and Isaka [1969] a lso  used 
the d if fe r e n t ia l a tten u ation  technique for depth determ ination. Koral
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and Johnston [1977] stud ied  the change in  the energy spectrum of an 1-131 
p oin t source with depth in  a water tank. Martin and Rollo [1977] 
measured the sca tter  from the 159keV fu ll-en ergy  peak of 1-131. They 
a lso  measured the r a tio  of the counts in the Compton sca tter  region  
(82-112 keV) to  those in  the fu ll-en ergy  peak region (136-175 keV), and 
found only a sm all varia tion  in  the SPR with depth. They also  employed 
the d if fe r e n t ia l  attenuation of 27keV (X-rays) and 159keV peaks from 
1-123 to  measure the depth, and suggested th a t th is  was the more 
s e n s it iv e  method. Filipow e t  a l [1979] stud ied  the proportion of 
sca ttered  rad iation  in  the spectrum with depth from point sources of 
Xe-133 (28, 81keV), Tc-99m (140keV) and Cr-51 (320keV) in water and
perspex with Nal(Tl) and Ge(Li) spectrometers and an Anger camera. They 
concluded th a t the counting rate in  the Compton sca tter  region increased  
more rapidly than th a t in  the "valley".
The advantanges o f the SPR method for organ depth measurement are 
apparent. The o r ig in a l scan data i s  used for the correction , therefore  
lim itin g  the to ta l  p a tien t scan time to  one scan, during which the 
p a tien t p ostion  i s  u n lik ely  to  change whereas i f  a second te s t  or scan i s  
performed, for example for a p r o file  depth scan, the organ of in ter e st  
may not s t i l l  l i e  a t the same depth, there i s  no requirement for any 
ad d ition a l radioisotope to  be in jected  in to  the p a tien t and therefore no 
extra  dose (unlike the doubly lab elled  1-125/1-131 so lu tion ) sin ce  the 
energy spectrum of the radiosiotope used in  the study i s  employed. 
[Kouris e t  a l ,  1982]. Modern gamma cameras with more powerful computing 
f a c i l i t i e s  should allow  fu lle r  ex p lo ita tio n  o f the method.
Computed tomography (CT) i s  probabily the most s ig n if ic a n t dOvelopement 
in  the h isto ry  o f medical imaging sin ce  the d iscovery of X-rays by 
Roentgen in  1895. The basic p r in c ip le  of CT i s  that the in ternal 
structure o f an ob ject can be reconstructed from an in f in it e  s e t  of a l l  
p o ss ib le  p ro jec tio n s of the object. Tomographic techniques for removing
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or minimising the superposition o f information with depth has been the 
go a l o f a number of systems for producing an image of a desired sec tio n  
o f an object a t a given depth. This goal has been achieved with the 
advent of CT. So remarkable i s  the CT technique that in  many cases i t  
generates a dramatic increase in  d iagn ostic  information over commercial 
X-ray shadowgraph techniques. In trying to  describe i t s  s ig n ifica n ce , 
one may be tempted to  use the term "diagnostic breakthrough". Perhaps 
t h is  can be best appreciated by f i r s t  considering the e a r lie r  imaging 
techniques „
Conventional foca l plane tomography was introduced by Bocage in  1921 in  
which the X-ray source and film  are moved in  such that only one plane in  
th e  object projects a sta tion ary  image and a l l  others become blurred. 
The image however s t i l l  contains much unwanted information which reduces 
con trast of the desired se c t io n .
Radon in  1917 developed a mathematical inversion  technique rela tin g  a s e t  
o f p rojection s to  the o r ig in a l object using Fourier based reconstruction  
techniques. The f i r s t  ap p lication  o f mathematical reconstruction was in  
radioastronomy [Bracewell, 1956] which was la te r  followed in  severa l 
other f ie ld s  including o p tics  and e lectron  microscopy [ Rowley, 1969? De 
R osier and Klug, 1968].
Cormack [1963] developed a tomographic scanner comprising o f a Co-60 
source and a Geiger detector to  perform lin ear  scans a t d iscrete  angles 
around phantoms and produced a c ro ss -sec tio n a l image of attenuation  
c o e f f ic ie n t s .  At about the same time Kuhl and Edwards [1963] developed a 
scanner th at performed lin ea r  scans a t d iscre te  angles around human 
o b je c ts . Although th e ir  algorithm then did not y ie ld  an exact 
reconstruction , i t  was the f i r s t  example of a transverse sec tio n  
reconstruction  of a radionuclide d is tr ib u tio n . The f i r s t  p ra c tica l CT 
machine was commercially rea lised  with the introduction of the EMI brain
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scanner in  1972, due la r g e ly  to  the work of Bounsf ie ld  [1969] • I t  was 
th e su ccessfu l developement o f EMI X-ray scanner th at stim ulated a great 
deal of research and development, and new ap p lication s over the past 
f i f t e e n  years. U ntil now most of the major developements in CT have been 
in  the medical f ie ld  and i t  i s  now an estab lish ed  medical d iagn ostic  to o l  
although i t s  high co st i s  a barrier to  universal use.
The f i r s t  non-destructive te s t in g  (NOT) app lication  of CT was made by 
Sweeney [1974, 1975]. Several other research groups have since
demonstrated the v ia b i l i t y  of in d u str ia l CT' [Kruger e t  a l,1981; 
Sanderson, 1979? Schlosser e t  a l ,  1980; Hopkins e t  a l ,  1981? Gilboy e t  
a l ,  1982? MacCuaig e t  a l ,  1985].
Although the mathematical reconstruction of images was f i r s t  applied in  
non-medical f ie ld s  [Bracewell, 1956? De Rosier and Klug, 1968], sin ce
then the majority o f the research stu d ies and hence the major
advancements have been made with respect to  the medical imaging 
a p p lica tio n s . However, more recently  as CT has become more widely
appreciated, the range o f app lications in  non-medical f i e ld s ,  
p a r ticu la r ly  for non-destructive t e s t s  in  industry, has expanded [Kruger, 
1981; Sanderson, 1979? Hopkins e t  a l ,  1981? Hunt, 1981; Gilboy e t  a l ,  
1982? Burstein e t  a l ,  1984? Goebbels e t  a l ,  1984].
CT can now be divided in to  two main techniques; Transmission Computed 
Tomography (TCP) and Emission Computed Tomography (ECT). The major 
d ifferen ce  between TCT and ECT l i e s  in  the fa c t th at ECT seeks to
describe the lo ca tio n  and in ten s ity  of sources of em itted photons in  an 
attenuating medium whereas TCT seeks to  determine the d istr ib u tio n  of the 
attenuating medium. ECT was conceived and developed long before X-ray 
CT, but was not considered a fe a s ib le  standard imaging technique for a 
long tim e. Two d is t in c t  m odalities of ECT e x is t ;  positron  em ission  
tomography (PET) and s in g le  photon EOT (SPECT).
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PET system? depend on the d etec tio n  o f coincident an n ih ila tion  radiation  
th a t accompany p o sitro n s. Positrons in  turn are emitted by c er ta in , 
mostly sh o r t-liv ed  , rad ionuclides. Modern PET system co n sist o f many 
d etecto rs  surrounding the rad ioactive object which enables a r e la t iv e ly  
high d etection  e f f ic ie n c y  to  be a tta in ed . PET has been very su c ce ssfu l, 
p a r ticu la r ly  as a research to o l in  physiology and microbiology and i t  has 
the advantage of ex p lo it in g  p h y sio lo g ica lly  important radionuclides such 
as 0 -1 1 , N-13, 0 1 5  and F-18. However most sh o r t-liv ed  positron em itters  
p resen tly  in  use can only be produced with expensive o n -s ite  p a r tic le  
a cce lera to rs . On the other hand SPECT has the p ra c tica l advantage of 
using commercially a v a ila b le  radiopharmaceuticals. SPECT i s  w idely used 
in  nuclear medicine and has great p o ten tia l for in d u str ia l ap p lica tion s. 
P h ill ip s  e t  a l [1981] have used SPECT to  measure the d istr ib u tio n  of 
f i s s io n  products in  spent fu e l rods from a l ig h t  water nuclear reactor 
(LWR) in  order to  study fu e l rod fa ilu res  caused by p e lle t -c la d  
in tera c tio n .
SPECT i s  l ik e ly  to  become more important in  the near future. This i s  
helped by a concomitant rapid improvement in  the computer hardware and 
softw are, together with an increasing number of accepted c l in ic a l  and 
in d u str ia l a p p lica tion s. But d esp ite  the renewed in te r e s t  and progress 
in  SPECT, i t  s t i l l  su ffer s  severa l lim ita tio n s th a t pose an ob stacle  in  
the determination o f absolute regional radionuclide concentrations as a 
function  of tim e. C o llection  e ff ic ie n c y , scattered  rad ia tion , 
atten uation  and photon u t i l i s a t io n  are the fundamental lim ita tio n s in  
em ission tomography coupled with p ra ctica l lim ita tio n s  due to  non-uniform 
detector response with depth and poor counting s t a t i s t i c s  [Keyes, 1981] . 
Counting s t a t i s t ic s  lim ita tio n s  are imposed by dose constraints in  the  
case of medical imaging, and by highly attenuating media in  case of 
in d u str ia l a p p lica tion s. The use of m ulti-detector arrays w il l  improve 
tremendously the c o lle c t io n  e f f ic ie n c y  and reduce the s t a t i s t ic a l  error
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as w e ll the scanning tim e both for transmission and em ission tomography 
compared to  s in g le  detector  systems but i t  w i l l  be more c o s t ly  owing to  
th e large number o f d etec to rs  required. The high co st of e x is t in g  
medical machines i s  one important reason why CT has y e t  to  make an impact 
in  industry [Folkard, 1983]. Although the p o ten tia l and to  some extent 
th e app lications o f each imaging modality that e x is t s  today i s  judged by 
the parameter measured rather than image reso lu tion  or d isp lay qu ality  
th e constraints o f t o t a l  co st w i l l  inevitab ly  force d ec isio n s to  be made 
between imaging m od a lities  (Brownell, 1982,1984].
The problem of sca ttered  photons being detected in  th e fu ll-en erg y  peak 
window i s  inherent in  p r a c tic a l emission (and to  a certa in  ex ten t in 
transm ission) tomography. The scattered photons, i f  included in  the 
reconstructed image, r e su lt  in  a degraded image, i . e  lo s s  of reso lu tion  
and contrast. The image degrading e f fe c ts  o f sca ttered  photons have been 
recognised for sometime in  nuclear medicine. However, i t  was not u n til 
recen tly  that there has been wide recognition in other imaging areas, 
e .g .  tomography, th a t the image quality  not only depend on the number of 
the photons recorded but a ls o , and more c ru c ia lly , on the o r ig in  o f the 
photons with respect to  the interaction they have undergone before 
d etection  [Sanders, 1982]. The number of sca ttered  photons accepted 
w ith in  the fu ll-en erg y  peak window depends on i t s  width and th erefore the 
p recise  se le c t io n  o f the window. However, a t present in commercial 
scanners the d iscrim inator energy window i s  normally se lec ted  to  increase  
the to ta l recorded counts and no consideration i s  given to  the number of 
sca ttered  photons contribu ting  to  th is  window. D ifferen t methods to  
elim inating the sc a tte r  component has been described with th e ir  merits 
and demerits, th e o r e tic a ly  as w e ll as experimentaly.
The problem of detector  s o lid  angle can be overcome by using th e  opposed 
detector arrangement and averaging the values o f the two complementary 
ray sums.
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The most d i f f i c u l t  and fundamental problem in  SPECT i s  the compensation 
for attenuation  o f photons insid e the rad ioactive o b jec t. In SPECT the  
p rojection  data r e su lts  from lin e  in teg ra ls  o f products of source 
d is tr ib u tio n  and atten uation  along stra ig h t l in e s .  Inscattered  radiation  
and geom etrical v a r ia tio n s response of the detector produce further 
d ev ia tion s o f the p rojection  data from the correct va lu es. However, 
th ese  e f fe c t s  are l e s s  important than the e f f e c t  of attenuation . 
Therefore attenuation  compensation i s  an important consideration  in the 
development o f SPECT system s. The e f fe c t  o f photon attenuation  i s  a lo s s  
of information content because the in ten sity  o f photons i s  not the true 
in te n s ity  em itted by the source. The degree o f attenuation  depends on 
the energy of the em itted photons, the con stitu en ts  o f the surrounding 
medium and i t s  d ensity  and th ick ness. Ignoring the attenuation and 
performing the reconstruction  using the uncorrected data resu lts  in both 
an attenuated source a c t iv ity  and an eroneous sp a t ia l d is tr ib u tio n . This 
may be u sefu l for some q u a lita tiv e  c l in ic a l  stu d ies  [Murphy e t  a l ,  1979] 
but i s  not adequate for qu antitative stu d ies  [Lewis e t  a l ,  1982] 
e sp e c ia lly  bearing in  mind th at the ultim ate goal of SPECT i s  to
determine the absolute regional radionuclide concentration as a function  
of tim e.
D ifferen t approaches to  so lv in g  the problem of attenuation  have been 
suggested by d if fe r e n t workers but none so far can claim to  be
u n iversa lly  ap p licab le . The attenuation correction s can be applied prior 
to  the reconstruction (pre-correction  trech n iqu es), during reconstruction  
( in tr in s ic  techniques) or a fter  the reconstruction  (post-cor rec ti ion
techn iq u es). P re-correction  techniques [Budinger and Gulberg, 1977? Kay
and Keyes, 1975; Budinger e t  a l ,  1979] and post correction  techniques 
[Kuhl e t  a l ,  1973? Chang, 1978] are currently used in  SPECT systems. 
P re-correction  techniques are easy to  use and are q u ite  adequate for the 
uniform attenuation  case but are not q u an tita tive  for variable
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a tte n u a tio n  cases. In t r in s ic  techniques [Budinger and Gulberg, 1974; 
Hseih and Wee, 1976? B e l l in i  e t  a l ,  1979? Gulberg, 1979; W alters e t  
a l ,  1981, Moore e t  a l ,  1982? Tanaka, 1983] p ro p erly  model the  
a tte n u a tio n  process and have the p o te n tia l fo r  accurate q u a n tif ic a t io n  o f 
the  source d is tr ib u t io n s , but are  not as y e t  been appreciated  in  c l in ic a l  
s tu d ie s .
The rap id  te c h n ic a l advancement o f transm ission tomography e s p e c ia lly  in  
th e  medical f i e ld  has overshadowed the  in t r in s ic  advantages th a t SPECT 
has over i t .  TCT deals  mostly w ith  anatomy and s tru c tu re  whereas SPECT
has th e  a b i l i t y  to  in v e s tig a te  physiology and k in e t ic s . Some o f the
reasons fo r  th is  e c lip s e  are  the problems th a t  a re  s t i l l  fac ing  SPECT
systems which have been mentioned e a r l ie r .  Both SPECT and TCT s u ffe r
from the  high cost o f the equipment which l im it s  widespread use. 
Nevertheless the fu tu re  o f SPECT is  very encouraging. I t  has not on ly  
been used in  the m edical f i e ld ,  but has also  been used in  other f ie ld s  
such as in  n o n -d es tru c tive  te s tin g  to  determine the  a x ia l and ra d ia l  
d is tr ib u t io n  o f f is s io n  products in  ir ra d ia te d  fu e l rods. This recent 
development can be o f use to  nuclear power p la n t personnel w ith  in te re s ts  
and re s p o n s ib ilit ie s  in  non -d es tru c tive  in sp ec tio n , core physics or fu e l  
perform ance. In v e s tig a tio n s  are  progressing to  use SPECT as a to o l fo r  
elem ental analys is  and d is tr ib u t io n  by u t i l is in g  th e  emission o f gamma or 
X -rays  em itted  from an o b jec t as a re s u lt  o f i t  being ir ra d ia te d  
[Balogun, 1986? Kusminarto, 1986 ].
The scope o f th is  study is  to  in v e s tig a te  methods to  lo c a lis e  and 
q u a n tify  pure b e ta - and photon-em itters  in s id e  absorbing media by 
e x te rn a l measurements. Most o f the  work has been concentrated on SPECT. 
Th is  includes the  m o d ific a tio n  o f the  transm ission scanner to  perform in  
both modes o f o p e ra tio n , transm ission and em ission, and also a review , 
an a lys is  and in v e s tig a tio n  o f the problems being faced by SPECT and to  
suggest th e ir  possib le  s o lu tio n .
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Chapter two describes the depth d is c rim in a tio n  o f pure b e ta -e m itte rs  in  
an absorbing medium by e x te rn a l measurements o f the  s h i f t  o f the  maximum 
in  brem sstrahlung sp ectra . I t  describes th e  in te ra c tio n s  o f 
b e ta -p a r t ic le s  w ith  m atte r, range o f b e ta -p a r t ic le s ,  experim ental 
procedure, re s u lts  and discussion o f the re s u lts .
Chapter th re e  describes various depth determ ination  techniques fo r  photon 
e m ittin g  rad ionuclides in  a tte n u a tin g  media. Th is  includes a d e s c rip tio n  
o f photon in te ra c tio n s  w ith  m atte r, depth determ ination  techniques,
experim ental procedures, re s u lts  and discussion o f th e  re s u lts .
Chapter four provides more in s ig h t in to  the mathematics o f computed 
tomography paying sp ec ia l a tte n tio n  to  SPECT. I t  in c lu d e ivthe  d e s c rip tio n
o f various mathematical reconstruction  techniques, th e  problem o f s o lid  
a p g le  o f d e te c tio n , the a tte n u a tio n  o f photons and in s ca tte re d
ra d ia t io n , and th e ir  possib le  s o lu tio n s , g iv in g  t h e i r  advantages and 
disadvantages.
Chapter f iv e  describes the c h a ra c te r is tic s  o f th e  SPECT scanner. I t
describes the d if fe r e n t  p a rts  o f scanner, m o d ifica tio n  o f the  
transm ission Scanner to  operate in  both transm ission and emission modes, 
studies o f s p a t ia l re s o lu tio n , e f fe c t  o f c o llim a to r len gth  and th ickn ess , 
and a d e sc rip tio n  o f the various ra d io ac tiv e  samples used fo r  SPECT work.
Chapter s ix  presents and discusses re s u lts  from th e  SPECT scanner. I t  
includes the re s u lts  o f s o lid  ang le , in s c a tte r  and a tte n u a tio n  co rrec tio n  
techniques. I t  a lso  includes the  images from sim ulated phantom data  
using i t e r a t iv e  reconstruction  and a tte n u a tio n  compensation techniques.
Chapter seven concludes th is  th e s is  as w e ll  as prov id ing  some suggestions 
fo r  fu tu re  work.
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DEPTH DETERMINATION OF A PURE BETA-EMITTER IN A MEDIUM BY 
BREMSSTRAHLUNG MEASUREMENTS.
2 .1  INTRODUCTION
The in -d ep th  lo c a l iz a t io n  o f a pure beta e m ittin g  rad io nuclide  may 
be determined by measuring th e  s h i f t  in  the maximum energy of the  
continuous spectrum, caused by the energy loss of the b e ta -rays  on th e ir  
way through the m atter [M eloni e t  a l ,  1969, Van de G e ijn  1974 ,1976]. 
According to  Landau [1944] the  most probable energy loss depends upon the  
th ickness and d e n s ity  o f the  m a te ria l, the prim ary energy of p a r t ic le s  
and, to  a sm aller e x te n t , upon the  chemical composition o f the m a te ria l. 
Th is  method is  a p p lic a b le  fo r  samples of absorbing media whose thickness  
is  less  than the  maximum range of the b e ta -p a rtic le s  but where the beta  
e m ittin g  rad io n u c lid e  is  s ite d  a t  a g reater depth than the maximum range 
o f beta p a r t ic le s  one has to  look fo r  other methods.
H ie  depth of a pure beta  e m itte r  ins ide  the medium can be estim ated by 
measuring e x te rn a lly  the  more penetrating  bremsstrahlung which is  
produced [Gaur and Venketswaran, 1982]. The bremsstrahlung photons 
undergo some degree o f a tte n u a tio n  w h ile  passing through the medium. For 
th e  purpose o f body burden measurements where the beta  em itte rs  have to  
be estim ated q u a n t i ta t iv e ly ,  th is  a tten u a tio n  has to  be taken in to  
account. Tomographic methods are a lso  sometimes used to  measure the  
source strengths fo r  sources d is tr ib u te d  in s id e  a medium. The source 
strength  can be deduced from extern a l detector measurements when the  
depth of the source in s id e  the  media is  known. I t  is  necessary f i r s t  to  
estim ate the depth a t  which the  radionuclide is  s itu a te d . The method 
used in  th is  experim ent is  based on the s h i f t  of the  in te n s ity  maximum in  
th e  experim enta lly  determ ined bremsstrahlung spectrum. The studies were
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c a rr ie d  out w ith  P-32 (Emax = 1700 keV) a pure b e ta -e m itte r  and Kr-85 a 
b e ta - gamma-emitter w ith  maximum beta energy, Emax = 670 keV, and 
gamma-ray energy o f 514 keV.
To understand th e  behaviour of beta p a r t ic le s  in s id e  th e  absorbing medium 
a knowledge o f the  in te ra c tio n  processes they undergo is  e s s e n tia l, and 
is  discussed in  th e  next sec tio n .
2 .2  INTERACTION OF BETA-PARTICLES WITH MATTER
B e ta -p a r t ic le s  are  e lec trons  o f continuous energy spectrum and are  
em itted  from n u c le i in  th e  rad io ac tive  decay process. During i t s  passage 
through m a te ria l each e le c tro n  from a beam of b e ta -rays  freq u en tly  
undergoes in te ra c tio n s  w ith  the surrounding atomic e lec tro n s  and n u c le i. 
Each in te ra c t io n  may cause an angular d e fle c tio n  and th e  loss o f p a rt of 
the  k in e t ic  energy o f th e  penetrating  e le c tro n . The energy tra n s fe r  in  a 
s in g le  e le c tro n -e le c tro n  in te ra c tio n  can have values up to  h a lf  the  
i n i t i a l  energy, but in te ra c tio n s  invo lv ing  sm all energy exchange are fa r  
more probab le, [Ruth and Hutchinson, 196 2 ]. Changes take place a lso  in  
th e  m atter which is  p en etra ted , the co n stitu en t atoms are exc ited  or 
io n is e d , and d is s o c ia tio n  o f molecules, changes in  th e  co n d u c tiv ity , and 
many other processes have been observed [Seigbahn, 1 9 6 5 ].
Angular d e fle c tio n s  due to  e la s t ic  s c a tte rin g  which a re  mainly due to  
encounters w ith  th e  n u c le i, cause an apprec iab le  spread in  the  
c ro w -f l ig h t  path len g th  (" s tra g g lin g " ). As both the s tra g g lin g  and the  
number o f in te ra c tio n s  per u n it path len gth  increase w ith  decreasing  
k in e t ic  energy o f the  e le c tro n , the f lu x  loss  between the p o in t of 
em ission and d e te c tio n  w i l l  be higher fo r low energy e lec tro n s  and th e ir  
p ro b a b ility  o f d e te c tio n  decreases accord ing ly . The main in te ra c tio n s  of 
e le c tro n s  w ith  m atter are  described b r ie f ly  in  th is  sec tio n . The 
d e ta ile d  study o f d i f fe r e n t  in te ra c tio n s  o f e le c tro n s  w ith  m atter have
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been given by Bothe [1 9 3 2 ], Bethe and Ashkin [1 9 53 ], M ott and Massey 
[1 9 4 8 ], Seigbahn [1 9 6 5 ], and Roy and Reed [1968 ].
2 .2 .1  E la s tic  S c a tte rin g  by Atomic Nuclei
The in c id e n t e le c tro n s , in te ra c tin g  w ith  the e le c ro s ta t ic  f i e ld  of 
the  nucleus, w i l l  be d e fle c te d  w ithout em itting  any form of ra d ia t io n , or 
e x c it in g  the  nucleus. The p ro b a b ility  of th is  in te ra c tio n  process is  
high fo r  low energy e le c tro n s . The e la s t ic  s c a tte r in g  o f e lec tro n s  
passing through m atter can be d iv id ed  roughly in to  four c lasses:
( i )  S in g le  S c a tte rin g
( i i )  P lu ra l S ca tte rin g
i
( i i i )  Multiple S c a tte rin g
( iv )  Back S c a tte rin g
2 .2 .1 .1  S ing le  S c a tte rin g
I f  the th ickness "d" o f the absorber is  very  sm all, i . e .  d « l/N 0 7  
where N is  the  number o f s c a tte rin g  atoms per cm and CT is  the  
in te ra c t io n  c ro s s -s e c tio n , th e re  w i l l  p r a c t ic a l ly  be only s in g le  
s c a tte r in g , i . e .  n e a r ly  a l l  the scattered  e lec tro n s  are  sca tte red  only  
by a s in g le  even t. The p ro b a b ility  th a t an e le c tro n  w ith  energy E is  
s ca tte re d  during th e  passage through an absorber of th ickness d and 
atom ic number Z through an angle © in to  the s o lid  angle d_n_ is  given by
W(©)djCL = Nd.d<5~ (E,Z,©) (2 .1 )
•"S
Where der- is  the d i f f e r e n t ia l  in te re c tio n  crossection . For the  pure
A
Coulomb f i e ld  o f a p o in t charge w ithout sh ie ld in g  we g e t, according to  
M ott [1929]
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d x i . Mott
where q is  th e  M ott c ro ss-sectio n
M ott
2 .2 .1 .2  P lu ra l S ca tte rin g
When th e  th ickness "d" o f the  absorber is  d s l /N c r ,  we g e t p lu ra l  
s c a tte r in g , i . e . ,  th e  p ro b a b ility  th a t  a s c a tte rin g  through a given angle  
is  due to  a number of s in g le  s ca tte rin g  processes becomes ap p rec iab le . 
P lu ra l s c a tte r in g  is  in te rm ed ia te  between the two extremes of m u ltip le  
and tru e  s in g le  s c a tte r in g .
2 .2 .1 .3  M u lt ip le  S c a tte rin g
M u lt ip le  s c a tte r in g  occurs when the th ickness of the absorber is  
so la rg e  th a t  the  mean number of s c a tte rin g  processes is  g re a te r than 
about 20. The angular d is tr ib u t io n  W(@) of the sca ttered  e lec tro n s  is  
approxim ately Gaussian as long as the  mean s c a tte rin g  angle is  sm aller 
than 20 [Seigbahn, 1 96 5 ]. The mean square d e v ia tio n  as a re s u lt  o f th is  
s c a tte r in g  in  a th ickness d ( in  cm) is  given by
p , is  the  e le c tro n  momentum
ft , is  the  angular P lanck's  constant (ft = ft/2  IT) 
Z, is  the  atomic number 
m, is  th e  mass of the e le c tro n  
e , is  th e  charge o f the e le c tro n .
2 4TTNZ(2+l)e2 d 3 /4  2
— ln [4TT(Z ) Nd(ft/mv) ] (2 .3 )
3
where N, is  th e  number o f atoms per cm
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2 .2 .1 .4  Back S c a t te r in g
The e lec tro n s  are  back s ca tte red  to  c e r ta in  exten t by the
absorbing m a te r ia l. The degree to  which e lec tro n s  are  back s ca tte re d
depends on severa l param eters, such as the number of e lec trons  per cm3
and hence on the  atomic number of the absorber. For la rg e r values of
th ickn ess , d »  1 /N cr , the  angular d is tr ib u t io n  becomes of the form W(0) 
o.
(X cos©. The mean angle o f s c a tte rin g  then a tta in s  i t s  maximum value
o
©max ~ 33 , and remains constant when the  th ickness increases s t i l l  
fu r th e r .  F in a lly ,  e lec tro n s  emerge from the absorber a lso  on the  s ide o f 
th e  in c id e n t beam. These e lec tro n s  are  e ith e r  prim ary e lec trons  which 
are  d e fle c te d  in  the  backward d ire c t io n , or secondary e lec tro n s . The 
number o f back sca tte red  e le c tro n s  increases up to  a c e rta in  s a tu ra tio n  
valu e  as the  thickness of th e  absorber is  increased and in  theory th is  
va lu e  should be reached when th e  thickness o f the  absorber is  equal to  
o n e -h a lf o f the maximum p a th . On average each successive s c a tte r in g  
angle  increases as each path decreases [Schumacher, 1 965 ]. At an absorber 
th ickness corresponding to  dgcat th e  back sca tte red  in te n s ity  satu rates
2 /3
d = 116 (T) (2 .4 )
scat
where T is  the  k in e t ic  energy o f the  e le c tro n .
2 .2 .2  E la s t ic  S ca tte rin g  by Atomic E lectrons
An in c id e n t e le c tro n  may a lso  be e la s t ic a l ly  d e flec ted  by the  
Coulomb f i e ld  o f atomic e le c tro n s  w ith in  the  absorber. The energy 
tra n s fe re d  is  sm all compared w ith  the lowest e xc ite d  s ta te  of the atom, 
th e re fo re  i t  does not go in to  in te rn a l energy of the atom, but ra th e r  
in to  i t s  k in e t ic  energy [F itz g e ra ld  e t  a l ,  1 96 7 ]. These c o llis io n s  are
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2 .2 .3  In e la s t ic  S c a tte r in g  by Atomic E lectrons
o n ly  im p o rtan t fo r  v e ry  low e n e rg ie s .
In e la s t ic  s c a tte r in g  o f e lectrons by the  atom ic e le c tro n s  is  the  
dominant energy loss mechanism fo r  e lectrons w ith  k in e t ic  energy up to ,  
but not s ig n if ic a n t ly  in  excess o f ,  the e le c tro n 's  re s t mass energy. The 
in te ra c tio n  o f the  in c id e n t e lec tro n s  w ith the atomic e le c tro n s  in  the  
absorber is  c h a ra c te ris e d  by the  fa c t th a t the average energy tra n s fe r  to  
th e  atoms per c o l l is io n  is  very sm all. Even fo r  very  high primary  
energies the  re c o ilin g  secondary e lec tro n  has a mean k in e t ic  energy of 
only a few eV. The t o t a l  energy loss a fte r  passage through an absorber 
of thickness x is  th e re fo re  the  re s u lt of very la rg e  number o f small
energy losses. For energ ies up to  nearly  0 .5  MeV, the ra te  o f energy
loss due to  in e la s t ic  c o l l is io n  is  given by [P r ic e , 1964]
dE 1
(_ )  ^  (2 .5 )
dx £ v
where v is  th e  p a r t ic le  energy.
2 .2 .4  In e la s t ic  S c a tte rin g  by the Nucleus
The in c id e n t e le c tro n  may experience a d e f le c t io n  by the  intense  
e le c tr o s ta t ic  f i e l d  c lose  to  the  nucleus. As a r e s u lt ,  a photon of 
energy comparable to  th e  energy of the e lec tro n  is  e m itte d . Energy loss  
by th is  process is  re fe rre d  as ra d ia tio n  loss or bremsstrahlung emission. 
T h is  emission o f ra d ia t io n  is  discussed in  s ec tio n  2 .4 .  Th is  type of 
in te ra c tio n  is  dominant fo r  e lec tro n s  w ith k in e t ic  energy g re a te r than 
t h e i r  re s t mass energy.
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2 .3  RANGE OF BETA-PARTICLES
The range of p a r t ic le s  through absorbers may be in v e s tig a te d  by 
determ ination  o f the absorption curves. A ty p ic a l absorption curve fo r  
mono-energetic e lec tro n s  and b e ta -p a r t ic le s  is  shown in  Figure 2 .1 .  The 
i n i t i a l  p a rt o f the absorption curve fo r  e le c tro n s  is  l in e a r  w h ile  fo r
F igure 2.1s Absorption curves fo r  monoenergetic e lec tro n s  (curve A) 
and b e ta -p a r t ic le s  (curve B) fo r  same energy.
b e ta -p a r t ic le s  the  i n i t i a l  p a r t  is  much steeper because the low energy 
beta p a r t ic le s  are ra p id ly  absorbed a t  a sm all th icknesses, and th e
a-
re s u ltin g  curve is  a q u a s i-ex p o n e n tia l. I f  the lo g rith m  of the count
A
ra te  is  p lo tte d  ag ain st the th ickness o f the absorber then a l in e a r  graph 
should re s u lt ,  but a sharp c u t -o f f  is  not reached. The reason is  the  
bremsstrahlung em itted  by the e lec tro n s  and th is  bremsstrahlung is  
absorbed more slow ly  than the e le c tro n s . The p o in t where the  
b eta -absorp tio n  curve reaches th e  background le v e l is  known as the  
maximum range o f beta  p a r t ic le s .  Th is  c ro w -f l ig h t  p en etra tio n  range is  
shorter than the  a c tu a l path th a t  a beta p a r t ic le  tra v e ls  before  lo s in g  
a l l  o f i t s  energy.
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The  to t a l  range o f beat p a r t ic le s  in  a g iven absorber, th a t  i s ,  the
len g th  of the  f l i g h t  path before  the  e le c tro n  comes to  complete stop,
can, in  p r in c ip le ,  be determined from the stopping power o f the
p a r t ic le s .  The stopping power is  defined as th e  energy lo s t  by an
in c id e n t e le c tro n  per u n it  len gth  of path through the  absorber, and is  
g iven  by
cJT
= no*- (2 .6 )
dx
where n is  th e  atomic d en sity  o f the  absorber and o- is  the stopping 
c ro s s -s e c tio n .
The to t a l  range can be achieved by in te g ra tin g  the  above equation as
B o
f  dT
dx =   (2 .7 )
iq JE  n o
s
b u t s c a tte rin g  must be allowed fo r  and the  re s u lt in g  computation are  
q u ite  complex.
Many attem pts have been made to  form ulate the e m p iric a l re la tio n s h ip  
between the  range R and the  end-po in t energy o f the  beta  p a r t ic le s .  Some 
o f these a re  g iven below;
Feather ; R = 0.542E -  0 .160 ? E > 0 .8  MeV
T h is  range-energy re la t io n  could be extended to  lower energies.
Glendenin ; R = 0.542E -  0 .133 ; E > 0 .8  MeV
1 38
R = 0.407E ° ; 0 .15  < E < 0 .8  MeV
2 1 /2
Flam m ersfeld  ; R = 0 .1 1  [( 1+22.4E ) -1 ] ? 0 < E < 3 MeV
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2 .4  BREMSSTRAHLUNG EMISSION
B le u le r  and
Z un ti i R = 0.571E -  0.1611 ; E > 1 MeV
The continuous X -ra y  emission is  o ften  c a lle d  bremsstrahlung, from 
the  German bremsen (=brak ing , i . e  dece le ra tin g ) + strahlung (= ra d ia tio n ) 
[Eisburg and Resnick 1 9 7 4 ]. Bremsstrahlung is  produced whenever moving 
charges undergo a s e rie s  o f acce le ra tio n s  or d ece lera tio n s  [Lapp and 
Andrews 1972] and has a continuous spectrum which ris e s  sharply from zero  
energy to  a maximum in te n s ity ,  and then decreases slow ly towards the  
h igher energy l im i t .  The bremsstrahlung process can be considered as an 
inverse p h o to e le c tr ic  e ffe c ts  in  the p h o to e le c tr ic  e f fe c t ,  a photon is  
absorbed, i t s  energy and momentum going to  an e le c tro n  and a re c o ilin g  
nucleus; in  the bremsstrahlung process; a photon is  c reated , i t s  energy 
and momentum coming from a c o llid in g  e le c tro n  and nucleus.
The bremsstrahlung process fo r  e lec trons  has been examined thoroughly in  
a number o f works [Bethe 1953, H e it le r  1936; Sommerfeld 1939; S c h iff  
1 95 1 ].
The c la s s ic a l rep res e n ta tio n  o f the bremsstrahlung process fo r  e lec trons  
is  as fo llo w s: an e le c tro n  a t 7|energy Eq , moving in  the Coulomb f ie ld  of
th e  nucleus, can change i t s  d ire c tio n  o f motion. However, since every  
change of d ire c tio n  in vo lves  an a c c e le ra tio n , then according to  c la s s ic a l  
concepts o f charge a c c e le ra tio n , i t  is  probable th a t  in  passing a nucleus 
th e  e le c tro n  w i l l  em it a quantum o f energy Er and w i l l  drop to  a new 
s ta te  a t  energy E. But since the nucleus in  whose f i e ld  the photon is  
em itted  is  considerably h eav ier than the e le c tro n , i t  can acq u ire , in  
p r in c ip le ,  any tra n s fe r  o f momentum. As a consequence th e re  is  a 
p ro b a b ility  th a t a f te r  e m ittin g  a photon the e le c tro n  can drop to  any
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observed. In  o ther words, the bremsstrahlung spectrum should be
2
continuous over th e  range of energies from 0 to  mQc (where mQ and c 
are  the  re s t mass o f th e  e le c tro n  and the speed o f l i g h t ,  re s p e c tiv e ly ) . 
At th e  same tim e , a most general quantum-mechanical analys is  in d ica te s  
th a t  the d i f f e r e n t ia l  c ro ss -sectio n  fo r  bremsstrahlung production is
2
Id<5- — — ------- (2.8)
P0 C/ E0
where j> is  the d e n s ity  o f f in a l  s ta te s , Hif is  the  m atrix  element fo r  
the  t ra n s it io n  from th e  i n i t i a l  s ta te  i  to  the  f in a l  s ta te  f  (a f te r  
photon emission ) ,  and P0 is  the i n i t i a l  e le c tro n  momentum.
2 .5  EXPERIMENTAL STUDIES
The bremsstrahlung em itted  by the beta p a r t ic le s  w h ile  tra v e rs in g  
through a medium is  o f two types: in te rn a l bremsstrahlung ( IB ) , which is
produced in s id e  the  source due to  the  source m a te r ia l,  and e x te rn a l 
bremsstrahlung (EB) , which is  produced in  the medium surrounding the  
source. The EB is  o f g re a te s t p ra c t ic a l importance as i t  is  produced in  
the tra v e rs in g  medium and a lso  depends upon the atomic number (Z) o f the  
medium. The y ie ld  o f EB is  more than th a t o f IB  [Goodrich e t  a l ,  1 95 3 ], 
th e re fo re , the c o n tr ib u tio n  of IB can be neglected in  a f i r s t  
approxim ation. The bremsstrahlung spectrum comprises energies from zero  
to  Emax and the  percentage y ie ld  o f low energy components is  high  
compared to  the  h igher energ ies. The lower energy photons undergo a 
ra p id  a tte n u a tio n  w h ile  passing through the m a te ria l and th e re fo re  the  
p o s itio n  o f the maximum in  the bremsstrahlung energy spectrum s te a d ily  
s h if ts  to  the  h igher energy region. The magnitude o f th is  s h if t  depends 
e s s e n tia lly  on th e  depth a t  which the beta source is  located  and the  
natu re  of the a tte n u a tin g  medium.
f i n a l  s t a t e  o f en erg y  E , so  long  a s  th e  law o f c o n se rv a tio n  o f energy  i s
21
Water was used as th e  absorbing m a te ria l (s ince water is  the convenient 
t is s u e -e q u iv a le n t medium) and the  s h i f t  in  th e  bremsstrahlung maximum was 
measured fo r  P -3 2 , a pure b e ta -e m itte r o f maximum b e ta -p a r t ic le  energy 
Eteax = 1700 keV, and K r-85 , a b e ta - gamma-emitter w ith  maximum 
b e ta -p a r t ic le  energy Emax = 670 keV and a photon o f 514 keV. The Kr-85  
source of b e ta - and gamma-rays was used to  extend the  method to  isotopes  
th a t  a re  o f importance in  nuclear medicine but have complex decay 
schemes.
The measurements o f bremsstrahlung spectra were c a rrie d  out w ith  a 
th a lliu m  a c tiv a te d  sodium io d id e , N a l(T l ) ,  s c in t i l la t io n  counter and a 
l ith iu m  d r i f te d  germanium, G e (L i) ,  d e te c to r. Some sample spectra  are  
shown in  F igure  2 .2  fo r  d i f fe r e n t  absorber th icknesses. The experim ental 
arrangements fo r  both de tecto rs  are  described below.
2 .5 .1  Experim ental se t-u p  w ith  N a l(T l) detector
The experim ental s e t-u p  fo r  measuring the  bremsstrahlung spectra  
by using a N a l(T l)  d e tec to r consists  o f a 5cm x 5cm N a l(T l) s c in t i l la t io n  
counter w ith  th in  b e ry lliu m  window, a high voltage supply, a 
p re -a m p lif ie r ,  a l in e a r  a m p lif ie r ,  a m ultichannel analyser (MCA) and a 
te le ty p e w r ite r .  The output from the detecto r was fed to  the  MCA a f te r  
passing through the p re -a m p lif ie r  and a m p lif ie r .  The experiment was done 
in  a broad beam geometry and th e  detector was c a lib ra te d  fo r low energy 
photons. The re s o lu tio n  was found to  be 45% fo r  60 KeV photons. The 
pulse h e ig h t-s p e c tra  were measured using an MCA. The data was then 
p r in te d  out by using the  te le ty p e w r ite r . The source and detector  
arrangement is  shown in  F igure  2 .3 ( a ) .  A 7 .4  MBq Kr-85 source, contained  
in  a th in  perspex capsule was placed in  a perspex beaker of 9 cm inner 
diam eter a t  a d istance o f 15 cm from the detector and bremsstrahlung 
sp ec tra  were obtained by in te rp o s in g  increasing depths o f w a ter. The
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Figure 2 .2 :  Bremsstrahlung sp ectra  fo r  Kr-85 a t  2.5cm (upper) and 
10cm (low er) w ater depths w ith  N a l(T l)  d e te c to r .
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Perspex Tank
F igure 2 .3 (a )E x p erim e n ta l s e t-u p  using N a l(T l)  d e te c to r .
F ig u re  2 .3 (b ) E xperim ental s e t-u p  using G e(L i) d e te c to r .
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counting tim e fo r  each measurement was s e t to  be one hour. Source out 
background counts were subtracted  from the spectrum obtained fo r  each 
w ater th ickness and the  514 keV gamma spectrum was subtracted  by 
rep lac in g  th e  Kr-85 source w ith  a Na-22 source o f 511 keV quanta and 
p u ttin g  the  MCA in  s u b tra c tio n  mode. The minimum th ickness o f w ater was 
taken to  be 2 cm, more than the range of b e ta -p a r t ic le s . T h ere fo re , no 
b e ta -p a r t ic le s  were ab le  to  reach the d e tec to r.
The same procedure was repeated fo r  P-32 l iq u id  source, 74MBq in  2ml of 
s o lu tio n , contained in  a sm all perspex v ia l  o f 1mm w a ll th ickness and 
10mm inner d iam eter.
2 .5 .2  Experim ental s e t-u p  w ith  G e(Li) detector
3
A G e(L i) d e tec to r o f 40 cm s en s itiv e  volume fix e d  in  a lead  
s h ie ld  was used fo r  the  measurement of bremsstrahlung sp ec tra . The 
s e t-u p  consis ts  o f a G e(L i) d e te c to r, a high vo ltag e supply, a 
spectroscopic a m p lif ie r  and Nuclear Data 66 (ND66) m ultichannel analyser 
w ith  dual p o r t in te r fa c e  and tv/in  ADCs. A block diagram o f the  d e tectio n  
system is  shown in  F igure 3 .6 .  The ND66 m ultichannel analyser is  a 
v e r s a t i le  machine which can be used as an MCA and as a computer te rm in a l, 
as i t  is  a ttached  to  the  PRIME 550 computer.
The Kr-85 source was hung in  the same perspex beaker, described e a r l ie r ,  
but th is  tim e the beaker was kept f u l l  of d is t i l le d  w ater and th e  source 
was moved v e r t ic a l ly  away from the detector as shown in  Figure 2 .3 (b ) .  A 
photograph o f th is  s e t-u p  is  shown in  Figure 3 .8 .  The measurements of 
bremsstrahlung sp ectra  were s ta rte d  w ith  2 cm o f d is t i l l e d  w a te r. The 
a m p lif ie r  g a in  was s e t to  be 20x1.1 and ADC gain  was s e t to  be 8K and the  
bremsstrahlung measurements were made fo r 30 minutes fo r  each increment 
in  the  w ater depth. The same procedure was adopted fo r  the P--32 source 
and the  measurements were taken fo r  every 2 cm o f source depth.
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The v a r ia t io n  in  the  p o s itio n  o f the bremsstrahlung maximum w ith  
th e  water depth is  shown in  Table 2 .1  w ith  N a l(T l) d e tecto r and in  Table
2 .2  w ith  G e(L i) d e tec to r fo r  Kr-85 and M 2  rad io n u clid es . Table 2 .1  
in d ic a te s  th a t the  in tro d u c tio n  o f 10 cm o f water has caused a n e t energy 
s h i f t  o f 17.25 keV fo r  Kr-85 and 27.55  keV n e t energy s h i f t  fo r  M 2  by 
using th e  N a l(T l) d e te c to r . The energy corresponding to  the  
bremsstrahlung maximum is  p lo tte d  against the water th ickness in  Figure
2 .4  fo r  both the sources. Table 2 .2  shows a n e t s h i f t  o f 16 .25  keV in  
th e  bremsstrahlung maxima fo r  Kr-85 and 26 keV fo r  M 2  w ith  G e(Li) 
d e te c to r , w ith  the  in tro d u c tio n  o f 10 cm of w ater. The bremsstrahlung 
peak p o s itio n  versus w ater th ickness is  p lo tte d  in  Figure 2 .5 .  ( I f  
p lo tte d  on the same graph the two sets o f data are  almost 
in d is t in g u is h a b le ) .
From Tables 2 .1  and 2 .2  i t  can be seen th a t the bremsstrahlung peak s h i f t  
fo r  F-32 beta  source is  g re a te r than th a t  o f Kr-85 fo r  the same thickness  
o f the  w ater. Th is  d iffe re n c e  in  th e  peak s h i f t  is  due to  the  fa c t  th a t  
P™32 em its b e ta -p a r t ic le s  o f maximum energy Emax = 1 .70  MeV, w h ile  the  
maximum energy o f the  beta  p a r t ic le s  em itted  by Kr-85 is  equal to  Emax = 
0 .7 6  Me Vo The range o f b e ta -p a r t ic le s  in  a medium depends on th e ir  
energy so the low energy b e ta -p a r t ic le s  w i l l  be absorbed a t  lower depths 
as compared to  the high energy b e ta -p a r t ic le s . Therefo re , the  
bremsstrahlung w i l l  be produced near to  the  p o in t o f o r ig in  of 
b e ta -p a r t ic le s . Also the  energy of the  bremsstrahlung depends upon the  
energy o f b e t a - p a r t ic le s ,  so the maximum energy o f the  bremsstrahlung 
produced by the low energy beta  p a r t ic le s  w i l l  be lower than th a t  
produced by the high energy b e ta -p a r t ic le s . As the  continuous spectrum 
bremsstrahlung passes through an absorber, the  lower energy photons are  
a tten u ated  to  a g re a te r e x te n t than the higher energy photons, which
2 .6  RESULTS AND DISCUSSION
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F IG U R E 2 A :
BREMSSTRAHLUNG PEAK S H I F T  WITH  
WATER THICKNESS FOR K r - 8 5  AND 
P - 3 2  WITH Nq K T L  ) DETECTOR.
WATER THICKNESS ( C M )
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FIGURE 2 . 5 :
BREMSSTRAHLUNG PEAK S H IF T  WI TH  
WATER THICKNESS FOR K r - 8 5  AND 
P - 3 2  WI TH G e ( L i )  DETECTOR.
WATER THICKNESS ( C M )
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I Water Thickness 
(cm)
Peak Energy 
(keV) 
w ith  Kr-85
Peak Energy 
(keV) 
w ith  P-32
! 2 31.50 + 0 .8 36.01 + 0 .7
1 j
1 4 36.75 + 1 .0 41.83 + 0 .9
I 6 41.50 + 1 .2 48 .88  +1.1
1 8 45.10 + 1 .4 55.20 + 1 .4
1 10 46.20 + 1 .7 60 .98  ±1.7
I 12 48.75 + 1 .9 63.56 ±  1 .9
TABLE 2 .1
Bremsstrahlung peak p o s itio n  versus water th ickness w ith  
N a l(T l) d e te c to r .
Water Thickness Peak Energy Peak Energy
(cm) (keV) (keV)
w ith  Kr-85 w ith.P^32
2 30.20 + 0.5 34.06 ± 0 .5
4 35.30 + 0.6 39.78 + 0 .6
6 39.90 + 0 .8 46.70 + fil.7
8 43.54 + 0 .9 52.03 + 0 .9
10 45.80 + 1.0 57.66 + 1 .0
12 46.50 + 1.2 60 .08 + 1 .2
TABLE 2 .2
Bremsstrahlung peak p o s itio n  versus water thickness w ith  
G e(Li) d e te c to r .
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re s u lts  in  progressive  hardening o f the spectrum and a consequent s h i f t  
to  h igher mean energy, inc lud ing  a s h i f t  upward o f th e  maximum in  the  
spectrum. Both curves in  Figures 2 .4  and 2 .5  s h i f t  a t  a s im ila r  ra te  
i n i t i a l l y ,  but as th e  a tte n u a tio n  continues, a f te r  the s o fte r  parts  o f 
th e  i n i t i a l  spectrum have been removed the remaining spectrum s tab lises  
around a f a i r l y  constant maximum and the  energy s h i f t  becomes less
pronounced. Since the  K r-85 i n i t i a l l y  has a lower mean energy than P-32 
th is  f la t te n in g  o f f  is  reached a t  a lower value of absorber th ickness, h  
s im ila r  behaviour is  observed fo r b e ta -a tte n u a tio n  and leads to  the  
qu asi-exp o n en tia l absorption  curve shown in  F igure 2 .1 .
The general tre n d  o f these re s u lts  a lso  agrees w ith  those of Gaur and 
Venkateswaran [1982] but they observed a la rg e r  p e a k -s h ift  of 30 keV fo r  
8 cm of water using P-32 w ith  a N a l(T l) d e te c to r. Xn our case a d d itio n a l 
measurements were made using the  high re so lu tio n  Ge (L i)  detecto r and was 
found th a t  the  p e a k -s h ift  is  not more than 25 KeV fo r  8 cm of water w ith  
both detectors  using a P-32 beta  source.
The d iffe re n c e  in  the  re s u lts  could be due to  d iffe re n ce s  in  the  
geom etrical co n d itio n s  in  which the experiments were performed,
d iffe re n c e s  in  th e  c h a ra c te r is tic s  o f the d e te c tio n  system, and possib le  
d iffe re n c e  in  th e  p u r ity  o f the water used.
Comparing th e  re s u lts  o f N a l(T l) and the Ge (L i) d e te c to rs , in  Tables 2 .1  
and 2 .2 ,  we can see th a t  th e re  is  a small d iffe re n c e  between the two
re s u lts . The discrepancy in  the two values may be assigned to  the
fo llo w in g  reasons.
Is  The two d i f fe r e n t  d etecto rs  were used in  the  d i f fe r e n t  set-ups and in  
d if fe r e n t  surroundings.
2 i The de tecto rs  used have d if fe r e n t  c h a ra c te r is t ic s . For example 
Ge (L i) has much b e tte r  energy re so lu tio n  than N a l(T l)  but the la t t e r  has 
in  general a much h igher e f f ic ie n c y .
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3 s The source to  d e te c to r d istance in  the  case o f N a l(T l) was kept a t  
15cm throughout th e  experim ent and the  water thickness was increased fo r  
each measurement but in  th e  case o f G e(Li) the  beaker was kept f u l l  of 
w ater and the  source was moved away from the  detector through the water 
fo r  each measurement. So a t  the tim e of the very f i r s t  measurement w ith  
the  N a l(T l) d e te c to r , th e re  was 2 cm o f water and 13 cm o f a i r  between 
source and the  d e te c to r . So th e re  is  a p o s s ib il i ty  o f lo s in g  (by 
o u t-s c a tte r in g ) some o f the  bremsstrahlung photons before they reach the  
d e te c to r .
4s L a s tly , the e r ro r  due to  the counting s ta t is t ic s  is  always present. 
2 .7  CONCLUSION
The comparison o f re s u lts  fo r  Kr-85 and P-32 sources confirms th a t  
the p o s itio n  o f the  maximum in  the bremsstrahlung spectrum is  dependent 
on energy o f the  b e ta -p a r t ic le s  and the  degree of a tte n u a tio n . The s h i f t  
in  the  bremsstrahlung maximum is  s ig n if ic a n t  even a f te r  10cm o f water 
depth but the  ra te  o f s h i f t  begins to  f a l l  o f f  a t  la rg e r  absorber 
th icknesses. The exp erim en ta lly  determined bremsstrahlung spectrum is  o f 
g re a t importance. The p o s itio n  o f th e  peak in te n s ity  can provide a means 
to  estim ate the  depth o f beta  e m itte rs  and knowing the depth of the  
source, the source s tren g th  can be q u a n tita t iv e ly  determined which is  o f 
g re a t importance in  many in d u s tr ia l and medical a p p lic a tio n s . Th is  
method can be e f f i c ie n t ly  used in  low Z media. The depth of the  
b e ta -e m itte r  which can be estim ated by th is  method is  a fu n c tio n  o f the  
b e ta -p a r t ic le  energy. For a deeper in s ig h t in to  th is  phenomenon of 
bremsstrahlung "moderation" i t  would be in te re s tin g  to  extend such 
studies to  higher Z media which would a lso  be of s ig n ific a n ce  in  a w ider 
range of in d u s tr ia l a p p lic a tio n s .
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CHAPTER 3
DEPTH DETERMINATION OF PHOTON-EMITTING RADIONUCLIDES
3 .1  INTRODUCTION
The a tte n u a tio n  o f photons is  the major problem in  emission  
tomography and i t  is  n o t possib le to  make r e l ia b le  q u a n tita tiv e
measurements w ithout ta k in g  in to  account the amount by which the em itted  
photons have been a tten u a ted  w ith in  the ra d io a c tiv e  o b je c t. This  
in vo lves  accurate measurement, or a t  le a s t ,  e x c e lle n t approxim ation of 
th e  l in e a r  a tte n u a tio n  c o e f f ic ie n t  o f the m a te ria l and the  depth o f the  
source w ith in  i t .  In  m edical imaging the in te rven in g  m a te ria l is  assumed 
to  be homogeneous and the  depth o f the ra d io ac tiv e  source is  estim ated by 
the  use o f geom etric or a r ith m e tic  means o f the data from opposite views 
[Sanders, 1 98 2 ]. In  o th er non-medical f ie ld s  where emission tomography 
may be ap p lied  th e re  is  o ccas io n ally  the a d d itio n a l com plication of
l im ite d  a c o e s s ib ilty  o f the  o b ject to  be imaged and a genera lised  shape
can not be assumed. In  both types o f a p p lic a tio n  th e  need to  take  
opposing views a lso  increases e ith e r  the number o f de tectors  requ ired  in  
th e  system or the tim e taken to  complete a scan. T h erefo re , one has to  
look fo r  some o ther fe a s ib le  methods fo r depth determ ination  o f a 
ra d io a c tiv e  source in s id e  the  absorbing medium.
The depth o f a ra d io a c tiv e  source in  an absorbing m a te ria l can be 
determ ined by analysing th e  spectrum o f the ra d ia t io n  th a t  emerges; the  
deeper the source, the  g re a te r  is  the p o rtio n  of low energy scattered  
ra d ia t io n  [Mohindra and M cN eil, 1965 ]. The depth o f a gamma-ray source
can a lso  be measured using th e  d i f f e r e n t ia l  a tte n u a tio n  o f the ra d ia tio n  
from two isotopes [Dolan and Tauxe, 1968? Oldendorf and Isa k a , 1969 ]. 
K oral and Johnston [1977] have studied the change in  th e  m ulti-energ y  
spectrum o f an 1-131 p o in t source w ith  depth in  w ater. M artin  and R o llo
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[1977] in ves tig a ted  both th e  d i f f e r e n t ia l  a tten u a tio n  and photon s c a tte r  
from 1-123 to  determine a depth co rrec tio n  fa c to r  fo r  iod ine uptake 
s tu d ies  and concluded th a t  the  two-energy d i f f e r e n t ia l  a tte n u a tio n  method 
was more s e n s itiv e . F ilip o w  e t  a l  [1979] have s tud ied  the v a r ia t io n  
in  th e  counting ra te s  in  d i f fe r e n t  regions o f spectra  from low energy 
gamma-ray sources as a fu n c tio n  o f depth.
The d if fe r e n t  methods o f depth d is c rim in a tio n  fo r  photon e m ittin g  
rad io n u clid es  were in v e s tig a te d  in  the  present work. The gamma-ray
sources used were Cs-137, B a-133, Na-22, and Am-241 p o in t sources and a 
Cs-134 l iq u id  s o lu tio n  as an extended source. The aborbing m a te ria ls  
used were water and foam rubber which are both tissu e  eq u iva len t 
m a te ria ls .
B efore  going in to  the  d e ta i ls  o f depth determ ination  methods a knowledge 
o f the  basic processes by which the photons in te ra c t  w ith  m atter is  
e s s e n tia l to  the understanding o f the  absorption and s c a tte rin g  o f 
photons, and these are  o u tlin e d  below.
3 .2  INTRACTION OF PHOTONS WITH MATTER
Gamma rays and X -rays  are  two forms o f electrom agnetic ra d ia tio n  
d if fe r in g  only in  th e ir  o r ig in .  Gamma rays are em itted  during nuclear  
tra n s it io n s  o f exc ited  n u c le i to  lower nuclear le v e ls  whereas X -rays are  
produced as c h a ra c te r is t ic  X -rays in  tra n s it io n s  o f bound e lec tro n s  
between the K ,L ,M ,. . . .  s h e lls  in  atoms or as bremsstrahlung by the  
d e c e le ra tio n  o f e lec tro n s  (or b e ta -p a r t ic le s ) .
S evera l types o f photon in te ra c tio n s  are possib le and the p ro b a b ility  
th a t  a p a r t ic u la r  in te ra c t io n  w i l l  occur is  dependent on the  photon 
energy and the d en sity  and the  atomic number o f the m a te r ia l.  
In te ra c tio n s  are e ith e r  w ith  whole atoms or w ith  the co n s titu e n t
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e le c tro n s  or n u c le i and r e s u lt  in  e ith e r  absorption or s c a tte r in g  o f the  
photon.
The basic theory  o f photon in te ra c tio n s  w ith  m atter has been es tab lish ed  
fo r  many years . A d e ta ile d  study o f the in te ra c tio n  processes is  given
by Davisson and Evans [1952] and Fano e t  a l  [1959 ].
The im portant in te ra c tio n s  in  the  energy range o f a few keV to  5 MeV are  
th e  p h o to e le c tr ic  ab so rp tio n , coherent and incoherent s c a tte rin g  and p a ir  
p roduction . A l l  o f these processes lead to  th e  p a r t ia l  or complete
tra n s fe r  o f the  photon energy to  the  e le c tro n , re s u lt in g  e ith e r  in  the  
complete disappearance o f the  photon or s ca tte rin g  through an ang le .
These d if fe r e n t  in te ra c t io n  processes are discussed b r ie f ly  in  the
fo llo w in g  sub-sections .
3 .2 .1  PHOTOELECTRIC ABSORPTION
The p h o to e le c tr ic  (P.E) absorption is  a process in  which the
incoming photon in te ra c ts  w ith  the bound e le c tro n  and is  com plete lty
absorbed tra n s fe r in g  a l l  i t s  energy to  the e le c tro n  which is  then e je c te d  
from i t s  bound s h e l l .  The energy o f the photoelectron , Ee~, is  g iven by:
E e- = E^ -  Eb (3 .1 )
Where E^ is  the  in c id e n t photon energy and E^ is  th e  binding energy of
the  e jec ted  e le c tro n . The removal o f the e le c tro n  leaves the atom in  an
io n ised  s ta te  w ith  a vacancy in  one o f i t s  inner e le c tro n  s h e lls . This
vacancy is  f i l l e d  by rearrangement o f e lectrons in  o th er s h e lls  and hence 
c h a ra c te r is t ic  X -rays  may be em itted  o r , a lte r n a t iv e ly ,  the emission o f 
Auger e lec trons  may occur. The P.E absorption in  a g iven s h e ll  occurs
most favourably i f  the b inding energy is  comparable to ,  but le s s  than,
th e  energy o f the  in c id e n t photon. Therefore fo r  en erg e tic  Photons i t
is  inner s h e ll  e le c tro n s  th a t  are  e je c te d . Th is  process is  the
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predominant mode o f in te ra c t io n  fo r  low energy photons (upto 100 keV ). A 
number o f expressions fo r  p h o to e le c tr ic  atomic c ro ss -s e c tio n , 6 " (p e ), 
have been reported  [H e i t le r ,  1954? Evans, 1955] but no s in g le  a n a ly t ic a l
expression e x is ts  which is  v a l id  over a l l  ranges o f E and atomic number
8
Z. H e it le r  obtained an approximate value fo r  the  p h o to e le c tr ic  
absorption  c ro ss -sectio n  fo r  photons having energies w e ll above the  
K -absorption  edges, by using th e  Born approximaton.
o-(BA) =
1 /2  5 4 
4 (2 ) Z o<
n
2 n
me
7 /2
o-(Th) (3 .2 )
Where cr (BA) is  th e  Born approxim ation cro ss -sectio n  fo r  P.E e je c tio n  of 
s -s ta te  e le c tro n s , E y  is  the  energy of the in c id e n t photon, n is  the  
p r in c ip a l quantum number and <Xis the f in e  s tru c tu re  constant. cr(Th) is  
th e  Thomson c ro ss -sectio n  and is  given by;
8TF
c r (Th) = (3 .3 )
m c  o
Although th is  is  a poor approxim ation, i t  does show the  strong Z and E 
dependence e x h ib ite d  by the P.E e f fe c t .  An accurate s em i-th eo re tic a l 
trea tm en t o f P.E e f fe c t  is  g iven  by Jackson and Hawkes [1981] where 
c o rrec tio n s  fo r  the above approxim ation have been considered.
Another approximate expression fo r  the P.E absorption  c ross-section  over 
a wide range o f energ ies is  g iven by:
cr (pe) of (3 .4 )
m
The values o f the exponents depend on both and Z. A t energies less  
than  100 keV the c ro ss -s e c tio n  is  com plicated by the absorption edges
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energies g reater than 100 keV m varie s  between 3 and 3 .5  and is  g re a te r  
fo r  low energ ies . For a g iven energy range m is  higher fo r low Z and 
decreases w ith  in creas in g  Z. The value of the exponent n v a rie s  between 
4 and 5 and depends on Ey. Xn the  energy range 0 .1  to  3 MeV n is  found
to  increase from 4 to  4 .6  as Ey increases [Evans 195 5 ]. A p lo t  o f P.E
absorption c ro ss -sec tio n  fo r  sodium iodide is  shown in  Figure 3 .1 .  The
d is c o n tin u it ie s  in  th e  curves or "absorption edges" in  the low energy 
region appear a t  gamma ray energies which correspond to  the binding  
energies o f e le c tro n s  in  the various s h e lls  o f the absorber atom. The 
edge ly in g  h ighest in  energy th e re fo re  corresponds to  the  binding energy 
of the K -s h e ll e le c tro n s . For photon energy s l ig h t ly  above the edge, the  
photon energy is  ju s t  s u f f ic ie n t  to  undergo a p h o to e le c tr ic  in te ra c tio n  
in  which a K -e le c tro n  is  e je c te d  from the atom. For photon energies
s l ig h t ly  below the  edge, th is  process is  no longer e n e rg e tic a lly  possib le
and th e re fo re  the in te ra c t io n  cross-section  drops a b ru p tly . S im ila r , but 
le s s  prominent, absorp tion  edges occur fo r low energies fo r  the L , M , . . . ,  
e le c tro n  sh e lls  o f th e  atom.
The lin e a r  a tte n u a tio n  c o e f f ic ie n t  fo r P.E absorption is  given by
- 1
p p e  = o M p e).N  {mm ) (3 .5 )
3 2Where N = the number o f atoms/mm , and O" (pe) is  expressed in  mm per
atom.
The energy absorption c o e f f ic ie n t ,  appe , fo r P.E e f fe c t  is  eq u iva len t to  
the  lin e a r  a tte n u a tio n  c o e f f ic ie n t  since the fra c t io n  o f the photon 
energy not converted in to  the  k in e tic  energy of the  photoelectrons  
represents the e x c ita t io n  energy in  the residual atom and is  given up as 
c h a ra c te r is t ic  X -rays  or as Auger e lec tro n s . These are  both absorbed 
w ith in  a d istance comparable w ith  the range of the photoelectrons. So 
the e ffe c t iv e  energy ab sorp tion  is  represented by jupe, i . e .
- 1
appe ~ jupe (mm ) (3 .6 )
where th e  c r o s s - s e c t io n  shows d isc o n tin o u s  jumps [K no ll, 1979]. At
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3 .2 .2  COMPTON SCATTERING
Compton s c a tte r in g  (C.S) is  a process in  which the  in c id e n t photon 
c o llid e s  w ith  an e le c tro n , assumed to  be fre e  and a t  re s t .  The photon is  
d e fle c te d  through an angle w . r . t  i t s  o r ig in a l d ire c t io n . The photon 
t ra n s fe rs  a p o rtio n  o f i t s  energy to  the  e le c tro n  which is  then described  
as th e  re c o il  e le c tro n . Because a l l  angles o f s c a tte rin g  are  p o s s ib le , 
th e  energy tra n s fe rre d  to  th e  e le c tro n  can vary from zero to  a la rg e  
f r a c t io n  o f the  in c id e n t photon energy.The re la tio n s h ip  between the  
in c id e n t energy Etf and the  f in a l  energy o f the sca trred  photon is  
g iven  by:
l+ {E v/m0c } (1-cos©)
2wher mQc is  the  re s t  mass energy o f e le c tro n  (0 .511 MeV).
o
The above expression was d erived  by Compton fo r  photns in co h eren tly  
s c a tte re d  by a s ta tio n a ry  fre e  e le c tro n  applying the p r in c ip le s  o f 
conservation o f energy and momentum. For sm all s c a tte rin g  angles , very  
l i t t l e  energy is  tra n s fe rre d . Some of the o r ig in a l energy is  always 
re ta in e d  by the in c id e n t photon, even in  the extreme case o f ©=7^, which 
corresponds to  the  photon being backscattered in  a "head-on" c o l l is io n .
The p ro b a b ility  o f C.S per atom o f the absorber depends on the  number o f 
e le c tro n s  a v a ila b le  as s c a tte r in g  ta rg e ts , and th e re fo re  increases  
l in e a r ly  w ith  Z. The dependence o f C.S on gamma ray energy is  
i l lu s t r a te d  in  F igure  3 .1 .  Using D ira c 's  r e la t iv is t ic  theory o f an 
e le c tro n  K le in -N ish in a  [1929] were ab le  to  ob ta in  an equation fo r  the  
d i f f e r e n t ia l  c ro ss -s e c tio n  fo r  Compton s ca tte rin g  o f a photon by a fre e  
e le c tro n . For an u npo larized  beam of mono-energetic photons the
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K le in -N is h in a  angular d is t r ib u t io n  fu n c tio n  (the  d i f f e r e n t ia l  c o l l is io n  
cro ss -sectio n ) per s te rad ia n  o f s o lid  angle is  g iven by:
2 2 2 
do^ rc 1 2 2 r cx (1-cos©) n
(l+cos©) (1  +   — - (3 .8 )
d_TL. 2 1+ CX (1-cos©) 2
(l+cose) [1 -k x  (i-co se) ]
2where r0 =e/m0c , and is  th e  c la s s ic a l radius o f the e lec tro n  and cx = 
Ej /m 0c 2.
Equation 3 .8  shows th a t  the  c ro ss -sectio n  f a l l s  w ith  the increasing  
an g le , and th is  occurs more ra p id ly  a t  higher energ ies , i . e  th e re  is  a 
strong  tendency fo r forw ard s c a tte r in g  a t  high values o f the  in c id e n t 
photon energy. The equation  reduces to  Thomson's c la s s ic a l form ula a t  
low energies when Q f « l  i . e .
2
do- (Th) rQ 2
"— -—  -  - — (1 + COS0) (3 .9 )
d _ n .  2
In te g ra t io n  of equation 3 .8  over a l l  s ca tte rin g  angles gives th e  to t a l  
s c a tte r in g  cross- sec tio n  from a fre e  e le c tro n  as:
2 1+of 2(1-Kx) 1 1 l+3c*
C£ (K.N) = 2 r  [—  {—  -  —  ln (l+ 2 < *f l+  —  ln (l+2cx) -  — 2] (3 .10 ) 
cx l+2cx cr 2or (l+2ex)
mm2 /e le c tr o n
The values of c^(K.N) has been ta b u la ted  by Hubble [1969] fo r a very  wide 
energy range (10keV-100GeV) using the  above equation. Hubbell a lso  c ite d  
vario u s  correc tions  to  the  K le in -N ish in a  values due to  b inding and 
ra d ia t io n  e ffe c ts  e tc , but these are  in s ig n if ic a n t  over the p ra c t ic a l  
reg io n  o f energies fo r  most purposes (100keV-10MeV). The incoherent 
s c a tte r in g  atomic c ro ss -sec tio n  is  g iven by
cr (incoh) = Z Qcr (K.N)
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(3 .11)
which assumes th a t  a l l  th e  atom ic e lec tro n s  can be considered to  be f r e e .  
However the  K le in -N is h in a  expression has ignored the  e f fe c t  o f the  
bind ing  o f the e le c tro n  in  th e  atom. For a b e tte r  e va lu a tio n  we must 
consider th is  to  be an in e la s t ic  process where one photon is  absorbed and 
another is  e m itted , re s u lt in g  in  an increase in  th e  e x te rn a l energy o f 
th e  ta rg e t  atom. We can w r ite  the incoherent c ro ss -sectio n  in  th e  form:
d cr-(incoh) d o- (K.N) 
a a
_    =   S (q,Z) (3 .12 )
d—H— d - ^
where S (q ,Z ) is  the  incoherent s c a tte rin g  fu n ctio n  which is  th e  product 
o f th e  number o f e le c tro n s  per atom and the p ro b a b ility  th a t an atomic  
e le c tro n  w i l l  a c tu a lly  undergo sbme tra n s it io n  e ith e r  to  an e x c ite d  s ta te  
or to  the  continuum as a re s u lt  o f rece iv ing  a momentum tra n s fe r ,  q . The 
S (q ,Z ) v a rie s  between zero  to  Z as th e  momentum tra n s fe r  v a rie s  from zero  
to  in f i n i t y .  The incoheren t fu n c tio n  is  tab u la ted  by HubbQII [Hubbeil, 
1 9 6 9 ]. The fa c to r S (q ,Z ) a llow s fo r  the Compton c ro ss -sectio n  f a l l in g  
o f f  a t  low energies as b ind ing  energy becomes im portant.
The Compton l in e a r  a tte n u a tio n  c o e f f ic ie n t  can be w r it te n  as:
pc = ajjc + spc (3 .13 )
where ape and spc a re  absorption and s c a tte rin g  c o e f f ic ie n ts
re s p e c tiv e ly . The s ig n if ic a n c e  o f th is  d is t in c t io n  between s c a tte r in g
and absorption c o e f f ic ie n ts  is  p a r t ic u la r ly  im portant in  C.S s ince only
th e  absorption c o e f f ic ie n t  represents the detectab le  e ffe c ts  o f the
in te ra c t io n  process which are  caused by Compton re c o il  e le c tro n s , and the
d e te c tio n  o f sca tte red  photons depends on fu rth e r  in te ra c tio n s . The
energy absorbed per u n it  volume o f an absorber as a re s u lt  o f Compton
in te ra c t io n  is  equal to  I .a p e  , where I  is  the in c id e n t photon energy
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f lu e n c e ;  (I  x E ^ ) .
3 .2 .3  RAYLEIGH SCATTERING
This is  the process in  which th e  photons are  sca ttered  by bound 
atom ic e lec tro n s  and the  ta rg e t  atom is  n e ith e r e xc ite d  nor io n ized . The 
e la s t ic  s c a tte rin g  from d if fe r e n t  p a rts  o f the atomic charge is  then  
'c o h e re n t' i . e  th e re  are  in te r fe re n c e  e f fe c ts .  Rayleigh s ca tte rin g  from 
bound e lec tro n s  occur when the  w ave-length o f the photons in c id en t on an 
atom is  comparable to  or la rg e r  than th e  dimensions o f the atom. The 
bound e lec tro n s  w i l l  then o s c i l la t e  in  fix e d  phase re la tio n s h ip s  and the  
s c a tte re d  ra d ia tio n  re -e m itte d  by each e le c tro n  w i l l  a lso  be in  phase. 
The d i f f e r e n t ia l  c ro ss -s e c tio n  is  g iven  by
ckT" der- (Th) 2
—  =  ----------  [F (q ,Z )]  (3 .14 )
<3 XL
where 66^  (T h )/d x x . is  th e  Thomson s c a tte rin g  c ro ss -sectio n  from a s in g le  
e le c tro n  and is  g iven by equation  3 .9 .  F (q ,Z ) is  the  atomic form fa c to r  
which represents the  r a t io  o f the  am plitude of the coherent s ca tte rin g  by 
an e n t ir e  atom to  the  am plitude o f the s ca tte rin g  by a s in g le  fre e  
e le c tro n . I t  is  a fu n c tio n  o f atomic number of the s ca tte rin g  m a te ria l 
and th e  momentum tra n s fe rre d  to  th e  s ca tte rin g  atom, which is  i t s e l f  a 
fu n c tio n  o f photon energy and s c a tte r in g  angle. The momentum tra n s fe r  
,q ,  is  given by
1
q = —  s in ( l /2 ) e  (3 .15 )
A
where A  is  the  w ave-length o f the  in c id e n t ra d ia tio n  and © is  the  
s c a tte r in g  angle.
The value  of the  form fa c to r  decreases w ith  energy since the  p ro b a b ility  
o f momentum tra n s fe r  w ith o u t energy absorption decreases and, fo r  the
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same reason, F (q ,Z ) decreases as s c a tte rin g  angle increases w ith  the  
r e s u lt  th a t 60-70% o f R ayleigh s c a tte rin g  in te ra c tio n s  cause d e fle c tio n s
o
o f le s s  than 30 in  most m a te r ia ls .
R ayle igh  s c a tte r in g  increases w ith  the atomic number o f the s c a tte re r  
since the b inding energy o f inner electrons is  p ro p o rtio n a l to  Z, so th a t  
an increasing  f r a c t io n  o f the  atomic e lec tro n s  must be considered to  be 
bound. A consequence o f the  coherent nature  o f th is  process is  th a t  i t  
i s  sharp ly  peaked in  th e  forw ard d ire c t io n , which taken together w ith  i t s  
e la s t ic  behaviour means th a t  i t  g e n e ra lly  p lays on ly  a minor ro le  in  beam 
a tte n u a tio n .
3 .2 .4  PAIR PRODUCTION
The p a ir  production  (P.P) process occurs in  the  strong e le c t r ic
f i e l d  near the nucleus o f atoms o f the absorbing m a te r ia l, and corresponds
to  the  c re a tio n  o f an e le c tro n -p o s itro n  p a ir  a t  the  p o in t o f the . ;
complete disappearance o f the in c id e n t gamma ray photon. Because an
2energy equal to  2moc is  req u ired  to  c rea te  the e le c tro n -p o s itro n  p a ir ,  a 
minimum gamma ray energy o f 1 .022  MeV is  requ ired  to  make the  process 
e n e rg e tic a lly  p o s s ib le . In  p ra c tic e  the p ro b a b ility  o f th is  in te ra c tio n  
remains very low u n t i l  the  gamma ray energy approaches tw ice th is  va lu e , 
and th e re fo re  p a ir  production is  predom inantly confined to  high gamma ray  
energ ies  [K n o ll 1 9 7 9 ]. The excess energy (Eff-1.022MeV) appears as the  
k in e t ic  energy shared quasi-random ly by the e le c tro n -p o s itro n  p a ir  and is  
g iven  by:
2
Ee- + Ee+ = E ^ -  2moc (3 .16)
T h e re fo re , th is  process consists  o f converting th e  in c id en t gamma ray  
photon in to  an e n erg e tic  e le c tro n -p o s itro n  p a ir .
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There is  no sim ple expression to  describe the P.P c ro ss -sec tio n , <5pp, but 
i t s  magnitude v a r ie s  approxim ately w ith  the square o f the  absorber atomic 
number, Z [Evans, 1 9 5 5 )] .  The P.P process is  com plicated by the fa c t  
th a t  the p o s itro n  is  not a s ta b le  p a r t ic le .  Once i t s  k in e tic  energy 
becomes comparable to  the  therm al energy of normal e le c tro n s , in  the  
absorbing medium, the  p o s itro n  w i l l  a n n ih ila te  w ith  an e lec tro n  and two 
a n n ih ila t io n  gamma ray photons o f energy 0.511MeV each w i l l  be em itted  in  
opposite d ire c tio n s  to  conserve momentum. The tim e required  by the  
p o s itro n  to  slow down and a n n ih ila te  is  sm all so th a t  the a n n ih ila tio n  
ra d ia t io n  appears in  v i r t u a l  coincidence w ith  the  o r ig in a l p a ir  
production  in te ra c t io n .
The l in e a r  a tte n u a tio n  fo r  P.P is  simply given by:
- 1
jUpp = NGpp (nran ) (3.17)
In  P.P process only  a p o rtio n  o f the photon energy appears immediately as 
K.E o f the e le c tro n -p o s itro n  p a ir  so the absorption c o e ff ic ie n t  can be 
w r it te n  as:
2
apPP = ,MPP[E¥ -  2m0c ] / E % (3 .18)
2
The remaining 2moc o f the  photon energy is  given up when the pos itron  
a n n ih ila te s  w ith  an e le c tro n  a f te r  being slowed down by c o llis io n  and 
ra d ia t io n  losses.
1
3 .3  TOTAL PHOTON ATTENUATION COEFFICIENTS
The p ro b a b ility  th a t  a photon w i l l  in te ra c t when passing through 
m atter is  given by the  a tten u a tio n  c o e f f ic ie n t .  The lin e a r  a tten u a tio n  
c o e f f ic ie n t  p is  th e  in te ra c tio n  p ro b a b ility  per u n it  length which is  
re la te d  to  the  atomic c ro ss -sec tio n , by
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f l t  = CTN (3.19)
where N=N0p /A , N0 is  th e  Avogadro's number, p  is  th e  density  and A is
atomic w eight. is  a ls o  defined  in  terms o f mean fre e  path as ju£= l /^ .
□se o f l in e a r  a tte n u a tio n  c o e f f ic ie n t  is  hampered by the fa c t  th a t  i t  
v a rie s  w ith  the d en s ity  o f the absorber, even though the absorber 
co n stitu en ts  remain th e  same [K n o ll, 1979 ]. Therefore the mass
a tte n u a tio n  c o e f f ic ie n t  is  much more w idely  used, and is  defined as?
Pp = pf/p (3.20)
For a given gamma ray  energy, the mass a tten u a tio n  c o e f f ic ie n t  does not 
change s ig n if ic a n t ly  w ith  the p h ysica l s ta te  o f a g iven absorber (e .g
is  same fo r water e ith e r  l iq u id  or vapour). The mass a tte n u a tio n
c o e f f ic ie n t  o f a compound or m ixture o f elements is  g iven by?
/ip  = £ [ w i  ( f y /p  ) i ]  (3 .21 )
i
where the Wi fa c to rs  represent the  weight fra c t io n  o f element i  in  the  
compound or m ixtu re.
The in te ra c tio n  o f photons is  characterised  by the fa c t  th a t  each photon 
in te ra c ts  in d iv id u a lly  in  s in g le  events . Therefore the number o f photons 
removed from a beam e ith e r  by s ca tte rin g  or absorption , d l ,  is  
p ro p o rtio n a l to  the  th ickn ess  o f the m a te ria l dx and the number o f 
in c id e n t photons I ,  i . e .
d l = -ju^Idx (3.22)
For a homogeneous m a te r ia l and monochromatic gamma rays, ju ^ w il l  be 
constant and in te g ra t io n  o f the above equation  w i l l  give?
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I  = I 0 e x p (-p £x) (3 .23)
where I Q and I  a re  the number o f in c id e n t and tran sm itted  photon 
re s p e c tiv e ly  fo r  th ickness x o f absorber. Th is  means th a t  a co llim ated  
photon beam o f a p a r t ic u la r  energy passing through a medium fo llow s an 
exp o n en tia l law o f a tte n u a tio n .
The equation 3 .23  can be w r it te n  in  terms o f mass a tte n u a tio n  
c o e f f ic ie n t ,  , as
I  = I G exp(pft/ p )p t  (3 .24 )
where the  product f t  is  known as the  mass th ickness o f the  absorber, and 
is  now the  s ig n if ic a n t  parameter which determines the degree of 
a tte n u a tio n . The th ickness o f the absorber used in  the ra d ia tio n  
measurements is  th e re fo re  o fte n  expressed as mass th ickness ra th e r than 
th e  p h ys ica l th ickness because i t  is  a more fundamental physica l q u a t ity .  
The mass th ickness is  a lso  a u sefu l concept when discussing the  energy 
lo s s  o f charged p a r t ic le s ,  p a r t ic u la r ly  fa s t  e le c tro n s . Even i f  
d i f f e r e n t  absorber m a te ria ls  are  invo lved , a p a r t ic le  w i l l  encounter 
about the  same number o f e lec tro n s  passing through absorbers o f equal 
mass th ickn ess . T h ere fo re , the stopping power and range when expressed 
in  u n its  o f P t ,  a re  roughly the same fo r  m a te ria ls  th a t  do not d i f f e r  
g re a t ly  in  Z.
As th e  photon in te ra c t io n  processes are  independent o f each o th e r, the  
t o t a l  l in e a r  a tte n u a tio n  c o e f f ic ie n t  is  th e  sum o f a tte n u a tio n  
c o e f f ic ie n ts  o f a l l  possib le  in te ra c tio n s . For the energy range 0 .01  to  
10 MeV the  t o t a l  l in e a r  a tte n u a tio n  c o e f f ic ie n t  can be w r itte n  as:
- 1
( to ta l)  = p pe + p r  + p c  + jip p  (mm ) (3 .25 )
where jupe, jur, p c  and jupp are  the to t a l  l in e a r  c o e ff ic ie n ts  fo r  P.E
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ab so rp tio n , R ayleigh s c a tte r in g , Compton s c a tte r in g  and p a ir  p roduction , 
re s p e c tiv e ly .
T h e re fo re , i f  a c o llim a te d  beam o f mono-energetic photons o f in te n s ity  lo  
passes through a medium o f th ickness x , the  in te n s ity  o f prim ary photons 
t h a t  undergo no in te ra c t io n  o f any kind is  g iven by:
I  = I 0 e x p [-ju ^ (to ta l) ,x ] (3 .26)
For a broad beam (or bad) geometry a c o rre c tio n  fa c to r , c a lle d  the  
"Buildup" fa c to r ,  is  in troduced fo r  the a d d itio n a l c o n tr ib u tio n  o f the  
s c a tte re d  photons w ith in  the  absorber. The equation  3.23 fo r  th is  case 
can be w r it te n  as
I  = I QB(E¥ , t )  exp(-ju£x) (3 .27)
The magnitude o f the bu ildup  fa c to r  depends upon the  type of the  gamma 
ra y  detector used, because th is  w i l l  a f fe c t  the  r e la t iv e  weight g iven to  
th e  prim ary and s ca tte re d  photons. W ith a d e tecto r th a t  responds only to  
th e  prim ary gamma-rays th e  bu ildup  fa c to r  is  u n ity . As a rough ru le  of 
thumb the bu ildup fa c to r  fo r  a th ic k  s lab  absorber tends to  be almost 
equal to  the th ickness o f the absorber measured in  u n its  o f mean free  
p ath  o f the in c id e n t gamma rays , provided the  d etecto r responds to  a 
broad range o f energies [K n o ll, 1 979 ].
The r e la t iv e  magnitudes o f the  in te ra c tio n  processes in  equation 3 .2 5  fo r  
sodium iodide are  shown in  F igure 3 .1 .  F igure 3 .2  i l lu s t r a te s  the  
r e la t iv e  importance o f the main in te ra c tio n  processes as a fu n c tio n  of 
atom ic number and photon energy. Three areas are  defined on the  p lo t  
w ith in  which each o f the  th re e  processes predominate and th e  lin e s  
d e fin in g  the regions represent the  (Z,E^) p a irs  fo r  which the  
c o e ff ic ie n ts  o f neighbouring in te ra c tio n s  are  equal. I t  is  c le a r  from 
th e  graphs th a t  the p h o to e le c tr ic  absorption predominates fo r  high Z and
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Figure 3.1? Energy dependence o f various gamma-ray in te ra c t io n
processes in  sodium io d id e  [Evans, 1 9 5 5 ].
PHOTON ENERGY (MEV)
Figure 3.2s The r e la t iv e  importance o f the  th ree  major gamma-ray
in te ra c tio n s  as a fu n c tio n  o f atomic number and 
photon energy.
low photon energy, p a ir  production fo r  high Z and high photon energy and 
Compton s c a tte rin g  fo r  th e  domain o f in term ediate  Z and photon energy.
3 .4  METHODS OF DEPTH DETERMINATION
The v a r ia t io n  o f d e tec to r response w ith  source depth w ith in  an 
absorber is  due to  two causes? f i r s t  the inverse square law e f fe c t  and 
second, the a tte n u a tio n  o f the  ra d ia t io n  in  the absorber. The d if fe r e n t  
methods o f determ ining th e  depth o f a gamma ray source are  described  
b r ie f ly  in  th is  s e c tio n .
3 .4 .1  SCATTER-TO-PEAK RATIO (SPR) METHOD
This method e x p lo its  the  r a t io  o f scattered  gamma-rays and the  
photopeak counts, which v a r ie s  in  a s ca tte rin g  medium. This method was 
f i r s t  reported by Mohindra and McNeil [1965], who examined the changes in  
photopeak re s o lu tio n  and v a lle y -to -p e a k  r a t io  o f counts w ith  source depth 
and gamma-ray energy, in  connection w ith  in te rn a l contam ination o f humans 
w ith  unkown rad io iso to p es . They concluded th a t the v a r ia t io n  in  v a l le y -  
to -peak r a t io  was most sen s itve  than changes in  the  e f fe c t iv e  fu ll-e n e rg y  
peak re s o lu tio n  a t  low en erg ie s , using N a l(T l) d e te c to r.
Th is  SPR method is  based on the fa c t  th a t the number o f sca tte red  events  
increases w ith  the  depth o f the source in  the s c a tte rin g  medium. So the  
in fo rm atio n  about th e  depth o f the source can be obtained by measuring 
th e  s c a tte r-to -p e a k  r a t io  o f the emerging ra d ia t io n . S ca tte r-to -p e ak  
r a t io  is  the  r a t io  o f th e  counts in  the  s c a tte r reg ion  to  the  counts in  
th e  fu ll-e n e rg y  peak. The s c a tte r  region is  norm ally defined in  terms of 
the  angle o f the s c a tte re d  photons, i . e .  s in g le  Compton s c a tte r  events , 
which s h i f t  the emerging photons to  lower energy.
In  th is  method the  depth o f a p o in t source is  determined from the  study
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o f the  v a r ia tio n s  in  th e  SPR w ith  the  th ickness o f the absorber. There 
a re  two possib le  cases, the  emission mode (when the source is  in s id e  the  
absorbing medium), and th e  transm ission mode (when the  source is  outs ide  
th e  ab sorber). Simple expressions fo r  both the cases can be d e rived , 
assuming the sm all angle s c a tte rin g  events o n ly , as in  the fo llo w in g  
su b -sectio n s .
3 .4 .1 .1  SPR in  Emission Mode
In  th is  case the  gamma-ray source is  in s id e  the  absorbing medium 
and the  thickness o f the  absorber is  increased by moving the source away 
from the detector deeper in to  the  absorber. In  F igure 3 .3  the  to t a l  
number o f scattered  photons, ds, produced by a th ickness 'd x ' is  given  
by:
ds ss Ip cdx (3 .28 )
Where I  is  e f fe c t iv e  in te n s ity  a t  d istance fx ’ from the source and is  
g iven  by: 1
I  = I ce xp [-p T (E ^ ).x ] (3 .29 )
where juc is  the  l in e a r  Compton s ca tte rin g  c o e f f ic ie n t ,  and p T is  the  
l in e a r  to t a l  a tte n u a tio n  c o e f f ic ie n t  o f the m a te ria l fo r the prim ary  
photon energy Ey. Therefore  the number o f forward scattered  photons from 
dx emerging from the surface o f the  medium and headed fo r  the d e tec to r is  
g iven  by:
F d s .e x p [-/iT (E s ). (d -x ) ] =F I0 [exp{-/JT (E s ). (d -x )~ p T(Ey) ,x } ]  „jucdx (3 .30 )
where F is  the f ra c t io n  o f s ca tte re d  photons headed fo r  the de tec to r and 
(Es) is  the l in e a r  t o t a l  absorption  c o e f f ic ie n t  fo r  the sca ttered
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Figure 3 .3 :  Small angle s c a tte r in g  from a p o in t source in  a s c a tte rin g  medium.
\
point source
Figure 3 .4 :  Small angle s c a tte r in g  in  an absorber from a p o in t source 
in  a i r  behind th e  absorber.
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photon energy Es. I f  on ly  photons s ca tte re d  through sm all angles, e ,  are  
reaching the  d e tecto r then th e  d iffe re n c e  in  energy between the  prim ary  
and sca tte re d  photons is  sm all and i t  can be assumed th a t  p T (E^)~jut (Es) . 
T h erefo re  equation 3 .3 0  becomes
Fds = F I0e x p (-p Td)juc .dx (3 .31 )
In te g ra t io n  o f above equation  along 'x '  g ives the  t o t a l  number o f s in g le  
s c a tte re d  photons, S^., a r r iv in g  a t  the  detector fo r  a source depth d , as:
S = J I0F[exp(~pTd ) ] / ic .dx
or
= I Q F [exp (-p T d) ]p c . d (3 .32 )
T h ere fo re  the  number o f s c a tte re d  photons recorded by the  d e te c to r, S, is  
p ro p o rtio n a l to  th e  number a r r iv in g  i . e .
S = kST (3 .33 )
where k is  the  in t r in s ic  d e te c tio n  e ff ic ie n c y  fo r  sca ttered  photons in  a 
d e fin e d  energy reg ion  below the  fu ll-e n e rg y  peak. The number o f 
fu ll-e n e rg y  peak events recorded, P, is  given by:
P = EpIQexp(-/a d) (3 .34 )
where is  the in t r in s ic  fu ll-e n e rg y  peak e f f ic ie n c y .
The SPR is  th e re fo re , g iven  by
F . I  [exp (-u  d )3 .d .u  .k  
S 0 >  c
P I  [e x p (-p . .d ) j ,Ep
T
(3 .35 )
In  case o f a w e ll c o llim a te d  beam or sm all d e te c to r , the  sca tte red  
photons energy is  c lose to  the  prim ary energy and s e lf-a b s o rp tio n  and
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detecto r response are  assumed c lo s e ly  s im ila r  fo r  both . Therefore the  
SPR fo r  a p o in t source is  p red ic ted  to  vary l in e a r ly  w ith  depth on th is  
simple model and
SPR = u .d .F .k /E  (3 .36)^ p
where the fa c to r  Fk/Ep is  a constant fo r  a g iven system, p Q is  constant 
fo r  a given photon energy, and th e re fo re
SPR o<d (3 .37 )
3 .4 .1 .2  SPR Method in  Transm ission Mode
For transm ission case a s im ila r  expression as in  emission case, 
can be derived fo r  the re la t io n s h ip  between SPR and th e  th ickness o f the  
absorber placed between a w e ll  c o llim a te d  d e tecto r and a p o in t source in  
a i r .  In  Figure 3 .4  a s lab  o f homogeneous m a te ria l o f th ickness '1 '  is  
placed a t  a d istance ' x ' from a p o in t source and th e  t o t a l  source to  
c o llim a to r d istance is  'd * .  The t o t a l  number o f s ca tte re d  photons ds 
produced in  a th ickness 'd t '  o f the  absorber is
ds = X ju (ab s)d t (3 .38 )
c
where juc (abs) is  the  l in e a r  Compton s c a tte rin g  c o e f f ic ie n t  o f the  
absorber and I  is  the  source in te n s ity  a t  x g iven by:
1 = 1  exp[“U ( a i r ) ( E y ) 0x -  p  (a b s )(E y ) .t ]  (3 .39 )
o T T
where ^ ( a i r )  (Ey) and jj^(abs) (Ey) are  t o t a l  l in e a r  absorption  c o e f f ic ie n t
o f a i r  and absorber re s p e c tiv e ly  fo r  the prim ary photon energy E r .
T h ere fo re  th e  number o f s c a t t e r e d  pho tons from 'd x ' reach in g  th e  su rfa c e
o f th e  ab so rb e r i s
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Fds. exp [-p T (abs) (Es ) . (£ - t )  J =FI/pc (abs)exp[-^T (abs) (Eg ) . ( £ - t ) ]  .d t
=F I p  (abs) exp [-u  (a ir )  (E J  .x -u  (abs) (E ri . t - u  (abs) (E ) ( £ - t ) ] d t
o c T T T s (3 .40 )
where ju^ab s) (Eg) is  the l in e a r  t o t a l  absorption c o e f f ic ie n t  fo r  the  
sca tte red  photons o f energy Eg. I f  only photons s ca tte re d  through a 
sm all an g le ,© , are  accepted by the  de tecto r then the  d iffe re n c e  in  energy 
between the prim ary and s ca tte red  photons is  sm all and the  approximation  
th a t  (abs)E¥) ^  (abs) (E s) can be ap p lied  as before  and the r ig h t  hand 
side o f equation 3 .40  becomes as
F I p (abs)exp[-p  (a ir )  (E ,) .x  -  u (abs) (ED  .£ ]d t  (3 .41 )
o c T T
In te g ra t io n  o f th is  equation w ith  respect to  8t 8 g ives the  to t a l  number
o f s ca tte red  photons from an absorber o f th ickness recorded by the
d e te c to r , (a f te r  tra v e rs in g  an a i r  path 'd -x -4 ' in  th ickness)
S = F k l£  p  (abs)exp [-u  (a ir )  (E ?) .x  -  p (abs) (E ri (a ir )  (E J) . (d -x -^ )]
°  c T T T
or
S = FkX I  p  (abs) .exp [-u  ( a i r ) ( E ^ ) . (d -£ ) -p  (a b s )(E y ).£ ] (3 .42 )
°  c T T
The number o f fu ll-e n e rg y  peak events recorded by the  d e te c to r, P, is
given by
P = E I  exp [-p  (a ir )  (E J  . (d -^) -  p (abs) (E J  .£.] (3 .43 )
P O  rp * rp *
where Ep is  the  in t r in s ic  fu ll-e n e rg y  peak d e te c tio n  e f f ic ie n c y .
Then, as before
S
SPR = ----- = F .k .& p  (abs)/E  (3 .44 )
P c
and a s  b e fo re
SPR cX JL (3 .45)
3 .4 .1 .3  A c tiv i ty  M easurem ents Of a  D is tr ib u te d  Source Using SPR
A d is tr ib u te d  source over a la rg e  volume can be considered as a 
c o lle c t io n  o f p o in t - l ik e  sources s itu a ted  throughout the  absorbing  
medium. A w e ll c o llim a te d  detector focussed on a d is tr ib u te d  source w i l l  
see the  source on ly  along the ax is  o f the  c o llim a to r and the  counts 
recorded by the d e te c to r w i l l  be due to  the combined e f fe c t  o f a l l  the  
p o in t sources ly in g  along th a t  l in e .
Consider a sim ple case of two p o in t sources ly in g  a t  d istance x-j and 
from the  d e tecto r along th e  ax is  o f the c o llim a to r  in  an absorbing 
medium. From equation  3 .37  we can w rite
V1
SPR = —  = kx (3 .46 )
1 P1 1
and
v 2
SPR = ~  = kx (3 .47 )
2 P2  2
where Vjand Vpare th e  counts in  the  s ca tte r region due to  the fu ll-e n e rg y  
peaks from source 1 and 2 ,  and P^  and P^are the fu ll-e n e rg y  peak counts 
due to  source 1 and 2 .
The number o f counts in  the  fu ll-e n e rg y  peak due to  source 1 recorded by 
th e  d etecto r is  g iven  by
P = A1.E p1.exp(-m c1)
or
A1 = (P1/ f i p1) e xp (/ix ^  (3 .48 )
where A^ is  the  tru e  a c t iv i t y  o f source 1 and Ep iis  absolute fu ll-e n e rg y  
peak e f f ic ie n c y  and j i  is  the  a tten u a tio n  c o e f f ic ie n t .
S u b s t i tu t in g  th e  v a lu e  o f x from eq u a tio n  3.46
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JUV,
A. = (P. /EL  ,) .e x p (  --------- ) (3 .49 )
P i  P . k
S im ila r ly
p v 2
A2 = (P2 /E P2) .exp (— -— ) (3 .50)
P2 .k
The average a c t iv i t y  can be w r it te n  as
A + A7 1 P juV. juV?
A = -1 — i  = —  [™ ™ .exp(— —  )+  —  ,ex p (— — ) ] (3 .51 )
av 2 2 EP1 Pj .k  E p 2  P2 *k
For source-1 o~detector d is tance g reater than th e  diam eter of the  absorber 
abso lu te  e f f ic ie n c y  is  approxim ately independent o f the  
sour c e -to -d e  te c t  or d is tan ce . Also i f  the conjugate counts are  combined 
th e  absolute e f f ic ie n c y  is  approxim ately constant along the ray path  
(s e c tio n s  4 .8 .1  and 6 .7 ) .  Therefore  i t  can be w r it te n  th a t Ep. z E ~ Ep.
For ju x « l  i . e  fo r  x « l / ju ,  exp(px) can be approximated to  exp(jux) = 1 + p x
(ig n o rin g  the h igher order te rm s). Therefore the equation 3 .51  can be 
w r it te n  as
1 V, + V?
A = —  [(P  + P ) + / i ( — £_)  ] (3 .52)
av 2Ep 1 2  k
We a c tu a lly  measure P = P1+P2 and V = V1+V2, th e re fo re
1 juV
A = —  [ P + —  ] (3 .53)
av 2E_ k
P
In  general fo r n number o f sources ly in g  along a l in e  the above equation  
ca be w r it te n  as
1 juV
A = —  [P + — ] (3 .54)
av nEp k
where Aa = (1 /n ) {Aj +A2 + . . . « » .+An}
T h is  is  a general expression which can be used fo r  any number o f p o in t 
sources and i t  is  tru e  fo r  x « l / ju ,  Where 1/ju is  the  mean fre e  path .
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Therefore  fo r  a continuous source d is tr ib u tio n  th e  tru e  a c t iv i t y  
concentration  can be computed by measuring the  P -values (from conjugate  
means) and d iv id in g  by value o f n corresponding to  u n it  volume, and then 
using expression 3 .5 4  to  a llo w  fo r s e lf-a b s o rp tio n .
For a s in g le  source a t  depth x = V /Pk, the tru e  a c t iv i t y ,  AQ, can be 
w r it te n  as
1 ju .P .k .x  P
A  -  _  [ P  +  ]  =  —  [ 1  +  M X ]
E0 kP p
P
= —  exp( jux) (as expfyix) z I f fx x  fo r  ju x « l )  (3 .55 )
p
which is  the usual equation  fo r  exponential a tte n u a tio n .
For p  = 0 the above equation  becomes
P
A = - —  (3 .56 )
which is  c le a r ly  tru e .
For two sources i t  can be w r it te n  as
A +Aq 1 pN
A = — !— £  =   [P +   ]
av 2 2Ep k
1 u . P . k . x  P
_  [ p + 1  _ ]  = _  [ i  + p oX ] (3 .57 )
2E0 k 2E avP  p
Again fo r  p=0 we f in d  the  obvious re s u lt:
P
A = — —  (3 .58 )
av 2E_
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3 .4 .2  DIFFERENTIAL ATTENUATION OR PEAK-TO-PEAK RATIO (PPR) METHOD
This method has been reported  by many workers using a t  le a s t two 
isotopes o f d i f fe r e n t  energy and examining the  d i f f e r e n t ia l  a tten u atio n  
o f the two gamma-ray energ ies [Dolan and Tauxe 1968,1969? Oldendorf and 
Isa k a  1969? M a rtin  and R o llo  1977? Kaplan and Ben-Porath 1967 ,1968]. 
I f  a known source spectrum is  present from a m ixture of isotopes, each 
e m ittin g  mono-energetic gamma-rays, th is  method can be used as long as 
th e  various isotopes remain mixed together in  a constant r a t io .  I f  the 
p h ys ica l or chemical or biochem ical processes a l t e r  the re la t iv e  
d is tr ib u t io n  o f sources in s id e  the absorber then the method breaks down. 
T h is  method is  a lso  a p p lic a b le  to  s in g le  isotope which em it m u ltip le  
energy gamma rays. The r a t io  o f the counts in  th e  d if fe r e n t  peaks is  
determined against the  th ickness o f the absorber. I t  is  based on the  
fa c t  th a t ,  in  g e n era l, th e  low energy photons a re  attenuated  r e la t iv e ly  
more as compared to  th e  high energy photons when passing through an 
absorbing medium. A sim ple expresion fo r  th is  method can be derived  as 
fo llo w s .
The number of counts P, in  the  fu ll-e n e rg y  peak 1 corresponding to  the  
low energy gamma-ray can be w r it te n  as
P = ( I )  .ex p (-u  d) (3 .59)
1 o , l  1
where jU| is  the a tte n u a tio n  c o e ffic e n t fo r th a t energy, d is  the  depth of
th e  source and ( I )  is  th e  em itted  in te n s ity  o f fu ll-e n e rg y  peak 1 
o , l
gamma-rays.
S im ila r ly  the number o f counts, P2 , in  the  fu ll-e n e rg y  peak 2
corresponding to  the h igher energy photons can be w r it te n  as
P = ( I )  .e x p (-u  d) (3 .60 )
2 o ,2  2
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where ju2 is  the  a tte n u a tio n  c o e f f ic ie n t  fo r the higher energy and ( I ) Q 2 
is  the  em itted  in te n s ity  w ith  no a tte n u a tio n .
The r a t io  o f the  counts in  two peaks, peak-to-peak r a t io  (PPR), is  given  
by
P ( I )  „exp(~p d)2 o , 2  2
P ( I )  .exp (-u  d)
1 o , l  1
I f  the count ra te s  a re  norm alised, i . e . ,  ( I )
0 ,1
PPR = e x p [-(p  -  u  )d]
2 1
or
P
1 2
d = —  ln (  — — ) (3 .62 )
(u -  p ) P
1 2  1
which shows the depth to  be p ro p o rtio n a l to  the logarithm  of the counts 
r a t io  o f the two peaks, and in v e rs ly  p ro p o rtio n a l to  the  d iffe re n c e  of 
th e  l in e a r  a tte n u a tio n  c o e f f ic ie n ts .  The importance of having a la rg e  
d iffe re n c e  in  l in e a r  a tte n u a tio n  c o e ffic ie n ts  is  emphasised in  the above 
equation since i t  m inim ises the  u n c e rta in ity  o f depth measurement by 
ensuring a rap id  v a r ia t io n  o f the h igh/low  energy gamma-ray r a t io  w ith  
depth.
3 .4 .3  INVERSE SQUARE LAW METHOD
Acccording to  th e  inverse square law the response of the detector 
is  in v e rs ly  p ro p o rtio n a l to  the square of the d istance between source and 
th e  d e te c to r. A sim ple expression can be derived  i f  we assume th a t count 
ra te  in  the fu ll-e n e rg y  peak v a r ie s  w ith  the d istance a lo ne, in  cases 
where s e lf-a b s o rp tio n  is  n e g lig ib le  (e .g  a ra d io a c tiv e  g a s ). G r i f f i t h
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(3 .61 )
= ( I )  , then
o , 2
[1933] exp e rim en ta lly  supported the  assumption by observing th a t  the  
i#nverse  square law was obeyed up to  12cm from a radium source in  a la rg e  
w ater phantom and up to  8cm in  a sm aller one. But la t e r  in v es tig a tio n s  
[Roberts and Honeyburne, 1937; Ter-Pogassian e t  a l  1952? Van D illo n  and 
H ine, 1952? Wooten e t  a l ,  1954] showed the  co n trary  and a l l  agreed th a t  
th e  r a t io  o f exposure in  water to  exposure in  a i r  a t  a given distance  
from a source d i f f e r s  from u n ity , and, in  general decreases w ith  
in creas in g  d is tan ce  from the source in d ic a tin g  th a t  absorption in  water 
was n o t n e g lig ib le .
An expression can be derived fo r  the depth of the  source by includ ing  
both the e ffe c ts  o f the inverse square law and the  exponential 
a tte n u a tio n  to g e th e r. Let us consider a gamma-ray source s itu a ted  a t  a 
depth 8d ' in s id e  an absorber. According to  the  inverse square and the  
exp o n en tia l a tte n u a tio n  law we can w r ite
2
1(d) = I (o )  exp{-7j(ab s) ,d } /d  (3 .63)
where 1(d) is  th e  measured in te n s ity  a t  the surface o f the  absorber, I (o )  
is  th e  tru e  in te n s ity  em itted  by the gamma-ray source, andju(abs) is  the  
t o t a l  a tte n u a tio n  c o e f f ic ie n t  o f the absorber fo r  the  gamma-ray em itted  
by the  source.
At a d istance *x ' outside the surface of the  absorber equation 3 .63  can 
be w r it te n  as
2
I(d + x ) = I (o )  [exp{-^i(abs) .d - ju (a ir ) .x } ] /(d + x )  (3 .64)
where I(d + x ) is  th e  measured in te n s ity  a t  the  d istance 'x 8 from the  
surface  of the absorber, i . e .  the in te n s ity  a t  a d is tan ce 'd +x1 from the
(K
source, a n d ju (a ir )  is  th e  a tte n u a tio n  c o e f f ic ie n t  of a i r  fo r the gamrm-ray 
energy em itted  by th e  source.
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D iv id in g  e q u a tio n  3 .6 4  by e q u a tio n  3 .63  we g e t
I(d + x ) e x p { -u (a ir ) ,x }
_ _  =    (3 o 6 5 )
1(d) 2
[1 + ( x /d ) ]
S u b s titu tin g  the  values o f the  in te n s it ie s  a t  d istance ’d ' and ' d+x! , 
p ( a i r )  and the d istance ' x 1 in  equation  3 .6 5 , the depth 'd ' o f the  
gamma-ray source can be determ ined.
I f  the  gamm-ray em itted  by the  source is  of high energy then the  
exp o n en tia l term in  equation  3 .6 5  can be replaced by 1 and we get
I(d + x ) 
1 (d )
[1 + (x /d ) ]
(3 .66 )
3 .4 .4  COMPUTED TOMOGRAPHY
Computed tomography (CT) is  th e  most recent development in  the  
m edical and in d u s tr ia l f i e l d .  The depth of a rad io isotope in s id e  an 
absorbing medium can be determ ined by emission computed tomography (EOT) „ 
EOT consists  o f p o s itro n  em ission tomography (PET) and s in g le  photon 
em ission computed tomography (SPECT).
In  SPECT the  o b je c t, in  which source is  embedded, is  scanned by a 
r e c t i l in e a r  scanner or by a gamma camera from d if fe re n t  angles. The data  
i s  then processed and an image o f the  ob ject is  reconstructed using 
d if f e r e n t  computer programs and source depth is  .determined from 
in s p ec tio n  of the image. The SPECT method is  discussed in  d e ta i l  in  the  
rem aining chapters.
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3 .5  EXPERIMENTAL STUDIES
Experim ental s tu d ie s  were c a rr ie d  out to  study the  v a r ia t io n  in  
SPR and PPR w ith  th e  absorber th ickness. D if fe r e n t  gamma-ray sources 
were used w ith  w ater and tis s u e  equ iva len t rubber (TER) fo r d i f fe r e n t  
source and d e tecto r arrangem ents. The regions o f in te re s t  were s e t over 
th e  fu ll-e n e rg y  peak, a t  th e  'v a l le y 1 ju s t below the  fu ll-e n e rg y  peak, 
and around the  Compton edge o f the spectrum. The w idth o f both the  
s c a tte r  windows were kept th e  same. Figure 3 .5  shows th e  p o s itio n  o f the  
windows fo r  SPR measurements. The values o f SPR and PPR were norm alised  
by tak ing  the  f i r s t  va lu e  as a reference va lu e . The d e te c tio n  system, 
th e  gamma-ray sources and the  absorbers used and the d if fe r e n t  
experim ental arrangements a re  described below.
3 .5 .1  DETECTION SYSTEM
A block diagram o f th e  equipment used fo r  the  measurement o f SPR 
and PPR w ith  depth is  shown in  Figure 3 .6  . The d etector used was a 
40cm co ax ia l l ith iu m  d r i f t e d  germanium, G e (L i) , d e tec to r mounted in  a 
vacuum c ry o s ta t. The c ry o s ta t is  held in  an iro n  frame so th a t  the  
d e tecto r po in ts  v e r t ic a l ly  upwards and the detector is  encased in  a lead  
s h ie ld  to  reduce th e  background ra d ia tio n . The upper surface o f the  
d e tec to r s h ie ld  is  f l a t  and th is  acts  as a base fo r  the  apparatus used to  
mount the source and th e  absorber over the d e te c to r. The d e tecto r bias  
v o ltag e  used was +2800 v o lts  and the fu l l -w id th  a t  half-maximum (FWHM) 
fo r  662 keV gammas was found to  be 1.79 keV (0 .27% ). The absolute  
fu ll-e n e rg y  peak e f f ic ie n c y  curves fo r d if fe r e n t  gamma-ray energ ies a t  
d if fe r e n t  s o u rc e -to -d e te c to r d istances are shown in  F igure  3.7»
The s ig n al from th e  G e(L i) detecto r was fed  through a P rinceton  
Gamma-Tech (PGT) p re a m p lif ie r  and then in to  an Or tec  570 shaping 
a m p lif ie r  w ith  a 2 microsecond shaping tim e . The output from the
6 0
Figure 3.5s Sketch o f the  energy spectrum showing the  windows chosen 
fo r  SPR measurements (A ) . Around the Compton edge 
(B ). V a lle y  reg ion  (C ). F u ll-en erg y  peak window.
Channel Numbers •
Figure  3.6s Block diagram o f the  d e te c tio n  system w ith  G e(L i) d e tec to r
E n e r g y  ( k e V )  X I 0 ^
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a m p lif ie r  was then fed  to  the  Nuclear Data 66 (ND66) m ultichannel
a n a ly s e r. D if fe r e n t  regions o f in te re s t  were marked on the  spectrum and 
counts were recorded then th e  spectra  were tra n s fe re d  along a s e r ia l  
communication l in e  to  th e  PRIME computer system fo r  a n a ly s is ,
3 .5 .2  GAMMA-RAY SOURCES
The sources o f gamma-rays used fo r  th is  experim ent were Cs-137, 
N a-22, Am-241, and Ba-133 standard reference p o in t sources, and a l ig u id  
Cs-134 s o lu tio n  in  45 mm diam eter perspex b o t t le  as an extended source. 
The sources used fo r  SPR and PPR measurements are  g iven below w ith  th e ir  
a c t iv i t y  and the  gamma-ray energies used fo r  the experim ent.
ISOTOPE ACTIVITY GAMMA-RAY ENERGIES USED
(kBq) (k e V )
Am-241 37 59.6
Cs-137 370 662
Na-22 370 511, 1275
Ba-133 37 36, 81, 303, 356
Cs-134 ( l iq ) 370/m l 605, 796
3 .5 .3  ABSORBING MATERIALS
Water and foam rubber were used as the  absorbing m ate ria ls  because 
th ey  are tis s u e  e q u iva len t m a te ria ls  as th e ir  e f fe c t iv e  atomic number is  
e q u iv a le n t to  th a t  o f s o ft  t is s u e . A 20cm x 30cm x 20cm perspex tank o f 
5mm w a ll th ickness was used fo r  w ater to  s im ulate the  chest o f a p a t ie n t .  
Rubber sheets o f dimensions 15cm x 15cm and o f 2cm th ickness were used. 
The rubber sheets a re  made from a f lu id  rubber compound based on 
depolymerised n a tu ra l rubber which can be considered chem ically  as 
p o ly is o p e rin e , i . e .  (C H j n and is  prepared from the raw rubber by
5 0
s u b jec tin g  i t  to  mechanical and therm al processes [Asual, 1 980 ].
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The absorption  o f low energy photons by the elements o f lower atomic 
number is  m ostly due to  the  Compton and p h o to e le c tr ic  absorption  
processes. Compton absorption  depends only on th e  e le c tro n  density  o f
23
the  m a te r ia l.  The e le c tro n  d en sity  fo r the  rubber is  3 .32  x 10
3 23 „ 23
electrons/cm  very  c lose to  3.34x10 electrons/cm  fo r  w ater and 3.36x10  
electrons/cm  fo r  muscle, and i t s  ra d ia tio n  absorption  is  c lo se ly  s im ila r  
to  s o ft  tis s u e  assuming i t s  chemical composition to  be (C^H^ 0 N)n and 
d en s ity  to  be u n ity  [Stacey 1 96 1 ].
3 .5 .4  EXPERIMENTAL SET-UP
3 .5 .4 .1  Using Water
The w ater tank described in  the  previous su b -sectio n  was used to  
conta in  the dem ineralised  water fo r  the experim ent. The p o in t source was 
placed in  a perspex v ia l  o f 2mm w a ll th ickness, to  keep i t  safe from the  
w ate r, and was hung in  th e  w ater tank as is  shown in  F igure  3 .8 .  Three 
d if fe r e n t  data  sets  were recorded fo r  th ree  d i f fe r e n t  source and d etecto r  
arrangements. The f i r s t  data s e t was obtained by p lac in g  the  source a t  
the  bottom o f th e  tank and recording th e  spectrum w ith  the MCA. The 
regions o f in te re s t  were marked and th e  counts in  th e  ap p ro p ria te  regions  
o f in te re s t  were recorded. Then the  source was moved s tep  by step away 
from the d etecto r and th e  counts were recorded in  each o f the regions o f 
in te r e s t .  Th is  procedure was repeated fo r  a l l  th e  gamma-ray sources 
mentioned e a r l i e r .  The second data  se t was obtained by c o llim a tin g  the  
d etecto r w ith  a 20mm diam eter and 40mm long lead  c o llim a to r  and repeating  
the  same procedure as above. The th ir d  data s e t was taken by keeping the  
so u rce -to -d e te c to r d is tan ce  constant a t  15cm and in creasin g  the  th ickness  
o f th e  w ater fnbetween. Then the  SPR and PPR were c a lc u lte d  fo r  each 
increment in  depth as th e  th ickness o f water was v a r ie d  from 0 -1 5cm.
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F i g u r e  6 . 8 :  E x p e r i m e n t a l  s e t - u p  u s i n g  w a t e r
6 5
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S q i r s ’j  s '
The tis s u e  e q u iva len t rubber (TER) sheets o f 15cm x 15cm and 2cm 
th ickn ess  were used as absorbing m a te ria l in s tead  o f w ater. The water 
tan k  in  f ig u re  3 .8  was removed - * ‘ and the  rubber sheets were placed over 
th e  d e te c to r . Three d if fe r e n t  data sets  were obtained fo r  th is  case fo r  
th re e  d i f fe r e n t  experim ental arrangements.
For th e  f i r s t  data  s e t the  p o in t source was embedded in  the cen tre  o f a 
rubber sheet and th e  rubber th ickness was increased by in terpos ing  
a d d it io n a l sheets inbetween the top  sheet (con ta in ing  th e  source) and the  
d e te c to r . The second data s e t was obtained by keeping the  
s o u rc e -to -d e te c to r d is tance constant a t  30cm and p u ttin g  the  rubber 
sheets inbe tween. The th ir d  data s e t was obta ined by c o llim a tin g  the  
source w ith  a 3mm diam eter by 40mm long lead  c o llim a to r .
The measurements were a lso  made fo r  Cs-134 l iq u id  source by p lacing  i t  on 
to p  o f a p i le  o f rubber sheets and increasing  th e  rubber th ickness  
between source and d e te c to r. The counts in  th e  respective  regions o f 
in te r e s t  were recorded fo r  every increment in  th ickn ess and fo r  every  
source used, as th e  thickness o f rubber was v a r ie d  from 0 to  24 cm.
3 .6  RESULTS
3 .5 .4 .2  Using Rubber
3 .6 .1  Cs-137 P o in t source
The s c a tte r  windows were se t around th e  Compton edge and on the  
'v a l le y '  ju s t  below the  photopeak and the  peak window was set to  b racket 
th e  662keV fu ll-e n e rg y  peak. The SPR values were determined by d iv id in g  
th e  counts in  th e  two s c a tte r regions by the  photopeak counts. The
6 6
Compton s c a tte r-to -p e a k  r a t io ,  SER(C), and v a lle y -to -p e a k  r a t io ,  SPR(V), 
were determined fo r  w ater by hanging th e  source in  the  w ater w h ile  15cm 
deep water tank was kept f u l l .  So fo r  the f i r s t  measurement i . e  fo r  the  
ze ro  thickness o f w ate r, 15cm o f w ater was behind the  source. The source 
was then moved away from the  de tec to r to  increase the  thickness o f w ater 
between source and d e te c to r . For the  TER absorber the source was placed  
in  th e  centre  o f the  f i r s t  sheet and the  thickness o f TER was increased  
as the  source to  d e tector d is tance was increased by p u ttin g  a d d it io n a l  
TER sheets between the source and th e  d e te c to r. The normalised values o f 
SPR(C) and SPR(V) a re  shown in  F igure  3 .9  fo r  water and in  F igure  3 .10  
fo r  rubber. I t  is  c le a r  from both th e  fig u re s  th a t  v a lle y -to -p e a k  r a t io  
i s  more s e n s itiv e  than th e  Compton s c a tte r-to -p e a k  r a t io  fo r  co llim a ted  
and uncollim ated de tecto r arrangements. The v a r ia t io n  in  SPR(C) and 
SPR(V) fo r  0 -1 5cm o f w ater is  58% and 110% fo r  co llim ated  and 86% and 
158% fo r the uncollim ated d e te c to r , re s p e c tiv e ly . The corresponding  
values  fo r  the TER are  97% and 164% fo r  co llim ated  d e te c to r, and 229% and 
357% fo r uncollim ated d e tec to r fo r  0 -2 4cm o f rubber th ickness. This  
means th a t  the v a lle y -to -p e a k  r a t io  is  almost tw ice as s e n s itiv e  as 
Compton s c a tte r-to -p e a k  r a t io .
3 .6 .2  Am-241 p o in t source
The s c a tte r windows were se t around the  Compton edge and a t  the  
•v a l le y ' ju s t below the 59 .6  keV fu ll-e n e rg y  peak and the  peak window was 
s e t  over the 59.6  keV fu ll-e n e rg y  peak. The source and de tec to r  
arrangement was same as described in  th e  previous sec tio n . In  th e  case 
o f water the source was hung in  th e  water tank conta in ing  15cm of 
dem ineralised  w ater. So fo r  the  f i r s t  measurement i . e  fo r  zero thickness  
o f  water 15cm o f water was behind th e  source acting  as a backscatter  
medium and the source to  d e tecto r d is tance was a t  i t s  minimum. Then as 
th e  source was moved away v e r t ic a l ly  from the detector the th ickness o f 
w ater between source and d etecto r was increased and so was the
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s o u rc e -to -d e te c to r d is tan ce . In  the  case o f TER, to  keep the  same
co n d itio n s  as fo r  w a te r, the  source was put in  th e  cen tre  o f the  f i r s t
rubber sheet and fo r  the  f i r s t  measurement the  th ickness o f rubber
between source and d e tec to r was 2cm, and 20cm o f rubber was on the  back 
o f th e  source. The th ickness o f rubber between source and d etecto r was 
increased  by in te rp o s in g  the  rubber sheets between the  source and the  
d e te c to r and th e  th ickness o f the  backscatter was decreased as in  the  
case o f w a te r. The norm alised values o f SPR(C) and SPR(V) versus water
th ickn ess  a re  shown in  F igure  3 .11  w ith  the uncollim ated  d e te c to r. The
percentage v a r ia t io n  from the  i n i t i a l  values in  SPR(C) is  56% and fo r
SPR(V) is  164% fo r  15cm o f water th ickness. This means th a t  the
v a lle y - to -p e a k  r a t io  is  108% more s e n s itiv e  than the Compton
s c a tte r -to -p e a k  r a t io .  F igure  3 .12  shows the v a r ia t io n  in  v a lle y -to -p e a k  
r a t io  w ith  and w ith o u t d e tec to r c o llim a to r fo r  TER and i t  can be seen
t h a t  v a lle y -to -p e a k  r a t io  fo r  the  uncollim ated detector is  92% more
sensitive than the  c o llim a te d  d etector case.
A
3 .6 .3  Sodium-22 P o in t Source
For Na-22 the  SPR(C), SPR(V) and PPR (1275keV/511keV) were
determ ined. The procedure was th e  same as described in  the  previous  
s e c tio n . As described p rev io u s ly  the SPR's were c a lc u la te d  by tak ing  the  
r a t io s  o f counts in  the  region around the Compton edge and the counts in  
th e  'v a l le y '  ju s t  below the  511 keV peak to  the  counts in  the  511 keV. 
photopeak. The norm alised values o f SPR(C), SPR(V) and PPR against the  
w ater th ickness are  shown in  F igure 3 .13  fo r  the  uncollim ated detector  
arrangem ent, and fo r  TER the corresponding values are  shown in  Figures
3 .1 4  and 3 .17  fo r  uncollim ated  and co llim ated  d etecto r arrangements, 
re s p e c tiv e ly . The percentage v a r ia t io n  in  SPR(C), SPR(V)' and PPR • from 
th e  i n i t i a l  values a re  97%, 198% and 74% w ith  the uncollim ated detecto r  
over 15cm o f water th ickn ess , and fo r  the TER 168%, 292% and 102% w ith  
th e  unco llim ated  d etecto r and 48%, 76% and 85% w ith  the co llim ated
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d e te c to r over 18cm o f rubber th ickn ess , re s p e c tiv e ly . Therefore i t  can 
be s a id  th a t  th e  v a lle y -to -p e a k  r a t io  is  more s e n s itiv e  fo r  the  
unco llim ated  de tecto r case w h ile  fo r  the co llim ated  detector case the  
v a r ia t io n  in  PPR values is  more than the SPR(V) and SPR(C). The re s u lts  
were a lso  obtained fo r  f ix e d  so u rce -to -d e tec to r d is tan ce , 15cm in  the  
case o f water and 30cm in  th e  case o f rubber , and a re  shown in  Figures
3 .1 5  and 3.16 fo r  w ater and rubber fo r  uncollim ated source and d e tecto r  
a r  rangement, re s p e c tiv e ly .
3 .6 .4  Barium-133 p o in t source
The Ba-133 source was used to  determine the PPR fo r d i f fe r e n t  
p a irs  o f peaks. The source and detector arrangement was same as 
described  in  the previous sec tio n s . The v a r ia t io n  in  the r a t io  o f 
356keV/36keV peak counts and 356keV/81keV counts are  shown in  F igure 3 ,1 8  
fo r  w ater w ith  the  c o llim a te d  d e te c to r. I t  is  obvious from the  f ig u re  
th a t  the  PPR fo r  356keV/36keV is  much more s e n s itiv e  than the PPR fo r  
356keV/81keV peaks. To e la b o ra te  th e  d iffe re n ce  between the two ra t io s  
th e  norm alised values o f PPR are  shown in  Figures 3 .19  and 3.20 fo r  w ater 
and TER re s p e c tiv e ly , w ith  the  co llim a te d  d e te c to r. Results were a lso  
o b ta in ed  fo r  the unco llim ated  d e tecto r and i t  was found th a t the PPR was 
more s e n s itiv e  fo r  the c o llim a te d  d e tecto r arrangement. The Figures 3 .20  
and 3 .2 1  show th a t  th e  percentage v a r ia t io n  in  the  PPR o f 356kev/36keV  
peaks and 356keV/81keV peaks are  1930% and 183% over 15cm o f w ater 
th ic kn es s , and 1600% and 180% over 14cm o f rubber th ickn ess , 
re s p e c tiv e ly . The Figures 3 .21  and 3 .22  show the v a r ia t io n  in  the  
norm alised values o f PPR o f 356keV/81keV and 356keV/303keV peaks fo r  
w ater and TER re s p e c tiv e ly , fo r  the  co llim ated  d e te c to r . I t  is  obvious 
from th e  fig u res  th a t  PPR fo r  356keV/81keV peaks is  much more s e n s itiv e  
than PPR fo r 356keV/303keV peaks. This means th a t  the d i f f e r e n t ia l  
a tte n u a tio n  method is  more s e n s itiv e  fo r  the  peaks having la rg e  
d iffe re n c e  in  th e ir  en erg ies .
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R esults  were a lso  obta ined  fo r  f ix e d  so u rce -to -d e te c to r d istance o f 30cm 
and are  shown in  F igures 3 .23  and 3 .24  fo r  356keV/81keV and 356keV/303keV 
PPRs w ith  c o llim a te d  and unco llim ated  source and d e te c to r , re s p e c tiv e ly . 
The source c o llim a to r  was 3mm diam eter and 40mm long lea d  c o llim a to r . As 
th e  fig u re s  show th e  v a r ia t io n  in  356keV/81keV norm alised PPR is  525% 
from the i n i t i a l  va lu e  fo r  c o llim a te d  source and 414% fo r  uncollim ated  
source, and fo r  356keV/303keV PPR the corresponding values are  50% fo r  
c o llim a te d  and 30% fo r  uncollim ated  source, over 24cm o f rubber 
th ickn ess . Th is  means th a t  th e  PPR w ith  c o llim a te d  source and detector  
is  more s e n s itiv e  than th e  uncollim ated source and d e te c to r arrangement.
3 .6 .5  Cs-134 L iq u id  source
The Cs-134 s o lu tio n  contained in  a 45mm diam eter perspex b o t t le ,  
was used as an extended source to  measure the v a r ia t io n s  in  SPR and PPR. 
The SPR(C), SPR(V) and PPR were determined by s e tt in g  regions o f in te re s t  
over the Compton edge, th e  v a lle y  next to  the 605keV fu ll-e n e rg y  peak, 
and on the 605keV and 796keV fu ll-e n e rg y  peaks. In  th e  case o f water the  
source was hung in  a w ater tank conta in ing  17.5cm o f w a te r, and the  water 
th ickness was increased by moving the  source v e r t ic a l ly  away from the  
d e te c to r . In  th e  case o f TER absorber the source was put over the f i r s t  
rubber sheet and th e  rubber thickness was increased by p u ttin g  the  
a d d itio n a l sheets between th e  source and d e te c to r.
The normalised va lu es  o f SPR(C) , SPR(V) and PPR fo r  w ater and rubber are  
shown in  Figures 3 .2 5  through 3 .2 8  fo r uncollim ated  and co llim ated  
d e te c to r , re s p e c tiv e ly . The v a r ia tio n s  in  the SPR{C), SPR(V) and PPR fo r  
w ater are 26%, 35% and 20% fo r  the co llim ated  d e te c to r , and 59%, 6 8 % and 
23% fo r the u n co llim ated  d e tecto r over 17.5cm v a r ia t io n  in  -water 
th ickn ess , re s p e c tiv e ly . For the TER the corresponding values are  67%, 
80% and 33%, and 92%, 110% and 42% fo r the c o llim a te d  and uncollim ated
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d e te c to r  r e s p e c t iv e ly ,  fo r  a  24cm v a r i a t io n  in  rubber th ic k n e s s .  I t  i s  
c l e a r  from th e  f ig u r e s  t h a t  th e  v a r ia t io n s  in  SPR(C) and SPR(V) a re  
a lm o st doub le  fo r  th e  u n c o llim a te d  d e te c to r  compared to  th e  c o llim a te d  
d e te c to r  v a lu e s ,  b u t th e  d if f e r e n c e  in  th e  PPR v a lu e s  a r e  n o t s ig n i f i c a n t  
w ith  th e  d e te c to r  c o l lim a te d  o r  u n c o llim a te d .
3 .7  DISCUSSION
The s c a t t e r - to - p e a k  r a t i o  and p eak -to -p eak  r a t i o  v e rsu s  th ic k n e s s  
o f  th e  a b so rb e r  r e p re s e n t  two methods by which th e  depth  o f a  photon 
so u rc e  in  an ab so rb in g  medium can be determ ined  from th e  measurements o f  
th e  co u n ts  in  th e  d i f f e r e n t  re g io n s  o f th e  energy  spectrum  o f th e  
em ergen t gam ma-rays. The measurement o f coun ts  in  th e  d i f f e r e n t  re g io n s  
o f  th e  energy  spectrum  may be perform ed e i t h e r  by th e  gamma-camera, a 
r e c t i l i n e a r  s c a n n e r , o r w ith  a  sim ple  s e t-u p  shown in  F igu re  3 .8 .  The 
two ab so rb in g  m a te r ia ls  used  w ere th e  d e m in e ra lis e d  w ater and t i s s u e  
e q u iv a le n t  ru b b e r.
S im ple t h e o r e t i c a l  e x p re s s io n s  fo r  th e  SPR in  em iss io n  and tra n sm is s io n  
c a s e s  p r e d ic t  a  l i n e a r  r e la t io n s h ip  between th e  SPR and th e  th ic k n e s s  o f 
th e  ab so rb e r b u t from th e  r e s u l t s  i t  i s  obvious t h a t  a lthough  most o f th e  
p l o t s  a r e  v e ry  c lo s e  to  th e  s t r a i g h t  l i n e  b u t th e y  a re  n o t e x a c tly  
l i n e a r .  I t  was th o u g h t t h a t  t h i s  m ight be due to  th e  f a c t  t h a t  th e  
r e l a t io n s h ip  h o ld s  p ro v id ed  th e  assum ptions made a r e  t r u e ,  i . e  t h a t  th e re  
i s  no a t te n u a t io n  in  th e  a i r  between th e  source  and d e te c to r ,  t h a t  narrow  
beam geom etry h o ld s  fo r  a  p o in t  so u rce  o f  r a d ia t io n ,  and th a t  on ly  th e  
low an g le  s in g le  s c a t t e r e d  pho tons a r e  d e te c te d .  In  th e  case o f a  f ix e d  
s o u r c e - to - d e te c to r  d is ta n c e  th e  a t te n u a t io n  in  th e  a i r  between sou rce  and 
th e  ab so rb e r w i l l  be h ig h e r  fo r  low ab so rb e r th ic k n e s s e s .  A lthough th e  
d e te c to r  s o l id  a n g le  rem ains c o n s ta n t fo r  th e  p rim ary  r a d ia t io n  fo r  th e  
f ix e d  s o u r e - to - d e te c to r  d is ta n c e  w h ile  fo r  th e  v a r ia b le
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so u rce -to -d e te c to r d is tan ce  the  s o lid  angle v a rie s  w ith  the th ickness o f 
th e  absorber, and so th e  counts recorded in  the  d i f fe r e n t  regions w i l l  be 
a ffe c te d  by the  change in  the geometry. In  the  case o f w ater, fo r  zero  
th ickness o f w ate r, th e  a c tu a l absorber th ickness was the 5 mm thickness  
o f the  perspex tank w a l l  and a lso  the  source was encased in  a perspex 
v ia l  o f 1mm th ic kn es s . Kacperek [1977] p re d ic te d  th a t fo r  la rg e  
s c a tte r in g  angles th e  d e v ia tio n  from l in e a r i t y  is  expected and becomes 
g re a te r  as the s c a tte re d  photon energy decreases.
The re s u lts  presented in  the previous section  show th a t  the SPR(V) is  
more s e n s itiv e  to  depth v a r ia t io n s  than SPR(C) fo r the same source and 
geometry. However th e  v a r ia tio n s  in  the SPR(C) w ith  depth are  
s ig n if ic a n t ,  and can be used fo r  depth determ ination  purposes. E ith e r
method provides a measure o f the depth, but SPR(V) v a rie s  more ra p id ly  
than SPR(C) and, th e re fo re , i t  can be said  th a t  v a lle y -to -p e a k  r a t io  is  
th e  parameter o f choice fo r depth determ ination o f gamma™ray sources 
in s id e  the absorbing media.
The d i f f e r e n t ia l  a tte n u a tio n  method is  ap p licab le  on ly  to  gamma-ray 
sources which em it two or more photons. In  F igure 3 .1 3  i n i t i a l l y  the  PPR 
v a r ie s  more ra p id ly  than  SPR(C) but then as the  thickness o f absorber 
increases i t  v a r ie s  more slow ly than SPR(C). This is  due to  the  fa c t  
th a t  as the depth o f the source increases, more s ca tte rin g  m a te ria l 
between source and d e te c to r causes increased m u ltip le  s c a tte r in g . This  
increases the  number o f counts a t  the lower energy reg ions. This e f fe c t  
becomes more pronounced fo r  la rg e  depths p a r t ic u la r ly  due to  the  fa c t
th a t  more s c a tte r in g  m a te ria l increases the p ro b a b ility  o f second
s c a tte r in g  c o l l is io n s .  Thus the  counts a t  lower energ ies , i . e .  a t
h igher s c a tte rin g  an g les , increases more pronouncedly a t  g reater absorber
th icknesses. The degree o f c o llim a tio n  of a d e te c tio n  system w i l l  a f fe c t  
th e  shape o f the  recorded spectra  and a l t e r  the  way they change w ith  
depth. With a h ig h ly  c o llim a te d  system, the amount o f m u ltip ly  sca tte red
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ra d ia t io n  detected  w i l l  be decreased because o f the l im ite d  f i e ld  o f view  
o f  the  d e te c to r , w h ile  w ith  low or no c o llim a tio n  th e  amount o f m u ltip ly  
s c a tte re d  photons detected  w i l l  be la rg e r . Obviously in  the extreme case 
o f p e rfe c t c o llim a tio n  on ly  the  fu ll-e n e rg y  peak and 180* backscatter peak 
would be detected  [F i l ip o  e t .  a l ,  1979 ]. So th a t  is  why the values o f 
SPR(C) and SPR(V) a re  h igher fo r  the  uncollim ated d etector and r e la t iv e ly  
lower fo r  the c o llim a te d  d e te c to r , and due to  the  same reasons the  
v a r ia t io n s  in  th e  PPR are r e la t iv e ly  g rea te r than the  SPR(C) and SPR(V) 
fo r  the c o llim a te d  d e tec to r and a re  lower fo r  the  uncollim ated d e te c to r. 
The m u lt ip ly  s c a tte re d  ra d ia t io n  from the higher energy can f a l l  in  the  
low er fu ll-e n e rg y  peak region and so increase the counts in  th e  low
energy peak reg io n  which th e re fo re  decreases the value o f the  PPR 
(h ig h /lo w ). W ith a c o llim a ted  d etecto r the m u ltip ly  sca ttered  photons 
from higher energy gamma-rays are  les s  l ik e ly  to  be detected in  th e  lower 
energy region and so the  PPR value is  increased.
H ie  d i f f e r e n t ia l  a tte n u a tio n  method is  more s e n s itiv e  fo r  p a irs  o f peaks 
which d i f f e r  la rg e ly  in  th e ir  energy. This is  i l lu s t r a te d  in  Figure  
3 .1 9 ,  representing  the  v a r ia t io n  in  the PPR [356keV/36keV (barium  
X -ra y s )] and PPR (356keV/81keV) fu ll-e n e rg y  peaks. I t  can be seen th a t  
th e  former r a t io  v a rie s  more q u ic k ly  than the  l a t t e r .  This is  because 
th e  low energy photons are  absorbed ra p id ly  as the  depth of the absorber 
in c reases , so th e re  are  les s  counts in  the  low energy photopeak region  
and hence the  PPR (h igh /low ) increases as the depth increases. The same 
i s  the  cases o f PPR (356keV/81keV) and PPR (356keV/303keV), shown in  
Figures 3 .21  through 3 .2 4 . The PPR (356keV/81keV) v a rie s  more ra p id ly  
than  the  PPR (356keV/303keV) fo r  the same reason. Th is  means th a t  the  
d i f f e r e n t ia l  a tte n u a tio n  technique fo r  depth determ ination  can, more
e f f e c t iv e ly ,  be used fo r  gamma-rays having la rg e  d iffe re n c e  in  th e ir
en erg ies . For the  gamma-ray energies which are  not very  d if fe r e n t  the
a tte n u a tio n  c o e f f ic ie n t  d i f fe r s  on ly  by a sm all amount.
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A s  shown in  th e  p re v io u s  s e c t io n  th e  v a lu e s  o f SPR and PPR fo r  w ate r and 
ru b b e r ,  fo r  th e  same so u rce  and d e te c to r  geom etry a re  a lm ost e q u a l .  T h is
i s  due to  f a c t  t h a t  b o th  th e  a b so rb e rs  a re  th e  t i s s u e  e q u iv a le n t
I
m a te r ia ls  and t h e i r  e ffec /fcv e  atom ic numbers a re  v e ry  c lo s e  t o  each  
o th e r .  The mass a b s o rp tio n  c o e f f i c i e n t  o f an e lem ent depends on th e  
en e rg y  o f th e  gamma-ray and th e  a tom ic number, Z, o f  th e  e lem en t. At 
m ost e n e rg ie s  th e  Compton s c a t t e r in g  component i s  a  s ig n i f i c a n t  p a r t  o f 
th e  t o t a l  mass a b s o rp tio n  c o e f f i c i e n t ,  and i s  th e  main component a t  
e n e rg ie s  in  th e  range o f  0 .2  -  3 MeV fo r  most e lem en ts . The Compton 
s c a t t e r  component depends on th e  r a t i o  o f th e  a tom ic num ber, Z, and 
a to m ic  m ass, A, and hence i s  ap p rox im ate ly  independen t o f Z, s in c e  
Z /A ^ 0 .5  ex cep t fo r  hydrogen . The p h o to e le c t r ic  component becomes more
4 s
im p o rta n t a t  low er e n e rg ie s  and i s  p ro p o r t io n a l  to  betw een Z /A  and Z /A .
The p a i r  p ro d u c tio n  component becomes im p o rtan t a t  h igh  gamma™ray
2
e n e rg ie s  and p ro p o r t io n a l  t o  Z /A . The Compton a b s o rp tio n  which i s  th e  
m ain component fo r  th e  in te rm e d ia te  e n e rg ie s ,  depends on th e  e l e c t r o n
23
d e n s i ty  o f  th e  m a te r ia l .  The e le c t r o n  d e n s ity  fo r  w ater i s  3.34x10
3 23 0
e le c tro n s /c m  and fo r  TER i s  3.32x10 e le c tro n s /c m  ? th e s e  v a lu e s  a re  
c lo s e ly  eq u a l t o  th e  e l e c t r o n  d e n s ity  o f s o f t  t i s s u e  assuming i t s  d e n s ity  
t o  be u n ity  [S tacey  1 9 6 1 ]. So t h i s  means t h a t  th e  v a lu e  o f th e  s c a t t e r  
component w i l l  a lm ost be th e  same fo r  w ater and rubber and so  w i l l  be th e  
SPR and PPR.
is
I t  has been shown in  th e  p re v io u s  s e c t io n  t h a t  th e  SPR (V)^ more s e n s i t i v e  
t o  th e  dep th  th an  th e  SPR(C) in  a l l  th e  c a s e s .  The d i f f e r e n t i a l  
a t te n u a t io n  a t te n u a t io n  method i s  more s e n s i t iv e  fo r  th e  c a se s  when th e  
d i f f e r e n c e  in  th e  a t te n u a t io n  c o e f f i c ie n t s  o f th e  re s p e c t iv e  gamma™ray 
e n e rg ie s  i s  la rg e .  T h e re fo re  i t  can be concluded t h a t  fo r  a  p a r t i c u l a r  
d e te c to r  and p a r t i c u l a r  geom etry , th e  SPR and PPR te c h n iq u e s  can be used 
a s  to o l s  to  s u c c e s s fu l ly  m easure th e  d ep th  o f a p o in t  gamma-ray so u rce  
in s id e  an abso rb ing  medium.
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H ie  re s u lts  presented in  th is  chapter can be compared w ith  re s u lts  o f 
previous workers. Mohindra and McNeil [1965 ], a f te r  a d e ta ile d  study o f 
th e  spectra  from p o in t sources o f a range o f isotopes w ith  energies of
0 .2 8  to  1 .53  MeV, concluded th a t  the  r a t io  o f the  minimum counting ra te  
in  th e  'v a l le y ' ju s t  below the  fu ll-e n e g y  peak to  th a t  in  th e  photopeak 
was th e  parameter th a t  v a r ie d  most s tro n g ly  w ith  depth fo r  low energy 
isotopes and could , fo r  a g iven geometry and a g iven d e te c to r , be used to  
measure the  depth o f a gamma-ray source. But according to  F ilip o w  e t  a l  
[1979] the  counting ra te  in  the  Compton s c a tte r  reg io n  increases more 
ra p id ly  than th a t  in  th e  'v a l le y ' .  Koral and Johnston [1977) determined  
th e  depth of 1 -131 , and M a rtin  and R o llo  [1977] measured the s c a tte r  of 
th e  159 keV photons from 1 -123 . The la t t e r  authors measured th e  r a t io  of 
counts in  the Compton s c a tte r  region to  those in  th e  photopeak, and found 
o n ly  a sm all v a r ia t io n  w ith  th e  depth. They a lso  employed the  
d i f f e r e n t ia l  absorption o f 27keV (X -rays) and 159keV peaks from 1-123 to  
measure the  depth, and showed th a t  th is  was the  most s e n s itiv e  method. 
M a rtin  and R o llo  [1977] a lso  s tud ied  the  r a t io  o f th e  counts in  the  
backscatter peak to  th a t  o f the fu ll-e n e rg y  peak, and found out th a t  i t  
is  in s e n s it iv e  to  depth. Our re s u lts  agree w ith  the  re s u lts  o f Mohindra 
and McNeil [1965 ], K ora l and Johnston [1 9 77 ], and M artin  and R o llo  
[1 9 7 7 ], th a t  the  counts in  the  'v a l le y ' ju s t below th e  fu ll-e n e rg y  peak 
a re  more s e n s itiv e  to  depth than the counts in  th e  Compton s c a tte r  
re g io n . The counts in  th e  Compton s c a tte r  a lso  v a r ie d  s ig n if ic a n t ly  in  
our case, but the counts in  the  'v a l le y ' were more s e n s itiv e  to  depth. 
The d i f f e r e n t ia l  a tte n u a tio n  method is  eq u a lly  im portant and is  shown in  
th e  previous sectio n  th a t  i t  is  the ^most s e n s it iv e  method when the  
gamma-ray energies a re  s u b s ta n t ia lly  d i f f r e r e n t .
The Cs-134 s o lu tio n  contained in  a p la s t ic  b o tt le  was used to  see whether 
th e  dimensions o f the source a f fe c t  the SPR and PPR va lu e s . I t  is  c le a r  
from the Figures 3 .2 5  through 3 .2 8  th a t  th ere  is  not much d iffe re n c e  in  
th e  s e n s it iv ity  o f th e  SPR and PPR compared w ith  th e  p o in t source
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(45mm d ia m e te r ) .
The r e s u l t s  p re s e n te d  h e re  a re  s p e c i f i c  to  th e  d e te c to r  and g eo m etrie s
t h a t  were em ployed, b u t th e  methods d e sc r ib e d  h e re  does en ab le  dep th  to
be de term ined  by com paring th e  v a lu e s  o f th e  SPR and PPR w ith  v a lu es  
o b ta in e d  under th e  s im i la r  c o n d i t io n s .  Knowledge o f th e  dep th  a t  which a 
r a d io is o to p e  i s  lo c a te d ,  w i l l  en ab le  th e  q u a n t i ty  p re s e n t  to  be e s tim a te d  
w ith  improved a c c u ra c y .
A d i s t r i b u t e d  so u rce  th ro u g h o u t a  l a r g e r  volume can be co n sid e red  a s  a 
number o f p o in t  so u rc e s  ly in g  in  th e  ab so rb in g  medium a l l  over i t s  volume 
a t  d i f f e r e n t  d e p th s . The co u n ts  reco rd ed  by a w e ll  c o llim a te d  d e te c to r  
w i l l  r e p re s e n t  th e  t o t a l  e f f e c t  o f  p o in t  so u rces  ly in g  along t h a t  l i n e .
So th e  co u n ts  reco rd ed  w i l l  be th e  l i n e  in t e g r a l  along  t h a t  l i n e ,  which 
in  f a c t  form s th e  b a s is  o f  computed tomography and w i l l  be d isc u sse d  in  
d e t a i l  in  th e  n e x t c h a p te r s .
m easu rem en ts. T h is  m igh t be due t o  th e  s m a ll  d im en sio n s  o f  th e  so u rce
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CHAPTER 4 
THEORY OF COMPUTED TOMOGRAPHY
The m athem atical proof th a t  a two or th ree  dimensional ob ject 
could be reconstructed  from an in f in i t e  s e t o f a l l  i t s  p ro je c tio n s  was 
given by Radon in  1917 who was concerned w ith  g ra v ita t io n a l th eo ry . The 
f i r s t  example o f mathematical image reconstruction  from p ro je c tio n s  was 
in  rad io  astronomy in  1956 when Bracew ell constructed a map of so la r  
micro-wave em ission from l in e  in te g ra ls  across the  sun's d isc  [B racew ell, 
1 95 6 ]. I t  is  worth noting th a t  Bocage in  1921 had produced images by 
fo c a l plane transm ission tomography in  medicine [Bocage, 1 9 2 1 ], although  
he used mechanical technique fo r  d e fin in g  the  s lic e  of in te r e s t .
The re co n s tru c tio n  problem has a risen  and been independently solved in  
severa l f ie ld s  in c lu d in g  e le c tro n  microscopy [De Rosier and Klug, 1968? 
Gordon e t  a l ,  1 9 7 0 ], o p tics  [Rowley, 1 96 9 ], medicine [Kuhl and Edwards, 
1963? Cormack, 1963/ H ounsfie ld , 1 97 2 ]. The so lu tio n  th a t  a l l  these 
imaging problems have in  common has the  same mathematical foundation  
[Herman, 1979? R av ik , 1979 ]. The one area o f a p p lic a tio n  which has had 
the  g re a te s t impact in  g en era l, a t  le a s t in  the  p u b lic 's  awareness, is  
d iag n o stic  m edicine.
The reco n stru c tio n  techniques f a l l  in to  th ree  broad ca teg o ries :
(i)  Back P rojection  Techniques
( i i )  A n alytica l Techniques
( i i i )  I te r a tiv e  Techniques.
The back p ro je c tio n  method, a lso  known as the  summation method, was used 
in  the f i r s t  attem pts a t  reconstruction  from p ro je c tio n s  and Kuhl and 
Edwards [1963] produced the  f i r s t  rad io isotope image by th is  method.
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4 .1  INTRODUCTION
However t h i s  s im p le  te c h n iq u e  s u f f e r s  from s e v e r e  im age d i s t o r t i o n .
A n a ly tic a l techniques were f i r s t  ap p lied  to  reconstruct a gamma-ray image 
by Cormack [1963] and a re  now w idely  used in  X -ray  tomography commercial 
scanners, and to  a les s er e x te n t in  radioisotope imaging. A general 
c h a ra c te r is t ic  o f a n a ly t ic a l methods is  th a t  they u t i l i s e  exact form ulae  
in  th e  reconstruction .
I t e r a t iv e  techniques were those used by Bracewell [1956] and Gordon e t  a l
[1970] and were u t i l is e d  in  th e  f i r s t  model of EMI scanner in  1973 
[H o unsfie ld , 1973] and in  o ther e a r ly  imaging ap p lic a tio n s  [Schm idlin , 
1972? G oiten , 1972? Mayers e t  a l ,  1 972 ]. In  i t e r a t iv e  reconstruction  
techniques a s o lu tio n  is  found by so lving  a se t o f a lg eb ra ic  equations.
4 .2  FORMATION OF PROJECTIONS
In  d e fin in g  the ray-sum and p ro je c tio n  the o b je c t's  s lic e  o f 
in te re s t  is  assumed to  be th in  so th a t  a two-dimensional geometry can be 
a p p lie d . The section  of in te re s t  is  described by two-dimensional d en s ity  
fu n c tio n  f ( x , y ) . In  F igure  4 .1  we denote the plane under in v e s tig a tio n  
by C artesian  coordinates (X,Y) , and the  co n trib u tio n  of each p o in t in  the  
o b je c t towards the detected  s ig n a l as the  density  function  f ( x , y ) .  In  
the  transm ission computed tomography (TCT) case the d e n s /ity  fu n c tio n  
represents the d is tr ib u t io n  o f l in e a r  a tten u a tio n  c o e ff ic ie n t  values  
throughout the  ob ject and in  emission computed tomography (ECT) i t  
represents the  d is tr ib u t io n  o f the  radio isotope concentration . The ray  
paths are  more conveniently  described in  a se t of orthogonal coordinates  
( r , s )  ro ta ted  a t  the same angle as th e  rays to  the o r ig in a l (X,Y) a x is .  
Each p o in t along the ray is  now s p e c ifie d  by coordinates ( r , 0 )  . The 
p ro je c tio n  data are  estim ates  o f the l in e  in te g ra l of the fu n c tio n  
f ( x , y ) ,  where the l in e  in te g ra t io n  is  s p e c ifie d  by the  parameters r  and
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Figure 4 * 1 s R epresentation  o f the  coordinate system. P o sitio n s  
w ith in  th e  o b ject is  s p e c if ie d  by an (x,y)  coord inate  w h ile  the  
rays are  in d ic a te d  by a ro ta te d  ( r , s )  system.
0 . The r  and s  ax es  a r e  r o ta te d  by an ang le  0  from th e  X and Y a x e s . A 
l i n e  L (r ,0 )  can be s p e c i f i e d  by th e  p a i r  ( r ,0 )  where ' r '  i s  th e  
p e rp e n d ic u la r  d is ta n c e  o f th e  l i n e  from th e  o r ig in  0 and *0' i s  th e  an g le  
t h i s  p e rp e n d ic u la r  makes w ith  th e  X -ax is . The in t e g r a l  of f ( x ,y )  along 
s - a x i s  i s  term ed a s  th e  ray-sum  or ra y -p ro je c tio n .
P ( r ,0 )  = /  f  (x ,y )d s  (4 .1 )
L (r ,0 )
T h is  e q u a tio n  d e f in e s  P ( r ,0 )  a s  Radon transfo rm  o f f ( x ,y ) .
A com plete  s e t  o f ray-sum s a t  a  g iven  ang le i s  c a l le d  p r o je c t io n  or 
p r o f i l e .
The e q u a tio n  o f any ray-sum  cou ld  be ob ta ined  in  th e  ro ta t in g  fram e of 
re fe re n c e  from th e  e q u a tio n
lco s(0 -© ) = r  (4 .2 )
where '1® i s  th e  d is ta n c e  o f a  p o in t  (x ,y) from th e  o r ig in .
Expanding t h i s  e q u a tio n  we o b ta in
r  = lcos0cos©  + ls in 0 s in ©  (4 .3 )
From F ig u re  4 .1  x = lcos©  and y  = ls in © . T herefo re  th e  c o o rd in a te  p a i r s  
(x ,y ) t h a t  s p e c ify  th e  d e n s i ty  fu n c tio n  along a ray-sum  ( r ef )  a r e  g iven  
by
r  = XCOS0 + y s in 0  (4 .4)
I d e a l ly  f (x ,y )  i s  a  c o n tin u o u s  tw o-dim ensional fu n c tio n  and an i n f i n i t e  
number o f p ro je c t io n s  a r e  re q u ire d  fo r  r e c o n s tru c t io n .  In  p r a c t i c e ,  
how ever, f (x ,y )  i s  c a lc u la te d  a t  a f i n i t e  number of p o in t s  from a  f i n i t e  
number of p r o je c t io n s .  For d a ta  c o l le c t in g  p u rp o ses  th e  o b je c t  i s  
u s u a l ly  l im ite d  t o  a  c i r c u l a r  domain o f d iam eter d ,  s a y , and i f  th e  image 
i s  r e c o n s tru c te d  a t  p o in t s  a rran g ed  re c ta n g u la r ly  w ith  spac in g  w, th en
90
th e re  are  n = d/w p o in ts  along a p r in c ip a l d iam eter. Th is  is  the number 
o f ray-sums contained in  a p ro je c tio n . Each square c e l l  of w idth w is  
c a lle d  a p ix e l ,  short fo r  p ic tu re  element.
4 . 2 . 1  FORMATION OF PROJECTIONS IN TCT
In  F igure 4 .1  the l in e  L denotes the path o f a fin e  co llim ated  
beam of mono-energetic photons from an e x te rn a l co llim ated  source 
d etected  by a c o llim a ted  d e te c to r . I f  the beam en te rs  the  scanned ob ject 
w ith  an in te n s ity  I ( o )  and the  d is tr ib u t io n  o f l in e a r  a tten u atio n  
c o e f f ic ie n t  r e la t iv e  to  ( r , s )  i s  ^ i ( r , s ) , then the in te n s ity  of the  
emergent beam, I ( r ) ,  w i l l  be given by
Therefore  in  transm ission tomography f ( x , y )  represents the  d is tr ib u t io n  
o f l in e a r  a tte n u a tio n  c o e f f ic ie n t ,  j u ( r , s ) .  By measuring the in c id e n t, 
I ( o ) , and tra n s m itte d , I ( r ) , beams the  value of ray-sum P can be derived . 
Measuring a s e t o f ray-sums a t  a g iven angle w i l l  provide a p a r t ic u la r  
p ro je c tio n  fo r  transm ission tomography.
4 . 2 . 2  FORMATION OF PROJECTIONS IN EOT
Let the l in e  in  F igure 4 .1  be defined by a sm all w e ll co llim ated  
d e tec to r whereby the d e te c tio n  o f ra d ia tio n  em itted  from w ith in  the  
m a te ria l under study takes p lace . In  s in g le  photon emission computed 
tomography (SPECT), th e  in te n s ity  o f photons detected  in  th a t d ire c tio n
or (4.5)
and
P ( r , 0 )  = J / i ( r , s )  ds = - l n [ I ( r ) / l ( o )  3 (4.6)
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i s  g iv e n  by
A (r ,0 )  = I A (x ,y )  e x p [- \ u ( x \ y ' ) d s ]  ds (4 .7)
- ' L ( r , 0 )  L ( r , 0 , x , y )
where A0 (x,y)  is  th e  a c t iv i t y  d is tr ib u t io n  appropriate  to  the  gamma-ray
energies being d e te c ted . I f  the detector is  a t  a d istance from the
source which is  la rg e  as compared to  the dimension o f the o b je c t, then
th e  s o lid  angle subtended by the detector a t  any p o in t along the  l in e  L
w ith in  the o b ject is  p r a c t ic a l ly  independent of the p o s it io n  of the  p o in t
in  th a t  medium. I f  th e re  is  no a tten u atio n  of ra d ia t io n  in s id e  the
o b je c t, the a c t iv i t y  A ( r , 0 )  would be p ro p o rtio n a l to  th e  l in e  in te g ra l o f
Aq along L . But in  p ra c tic e  such conditions are  not met. The d etecto r
has to  be placed as close-.. as possib le to  the source to  achieve high
d e te c tio n  e f f ic ie n c y  and the  a tten u atio n  in s id e  the medium is  g e n e ra lly
not n e g lig ib le  considering  the  energies of in te re s t in  SPECT. Therefore
s o lid  angle and a tte n u a tio n  fac to rs  have to  be considered. The inner
in te g ra l describes th e  a tte n u a tio n  of the em itted  gamma-ray a t a p o in t
( x ' , y ' )  and is  eva lu a ted  on the segment L ( r , 0 , x ,y )  from (x,y)  to  the
d etecto r [Kouris e t  a l ,  1 982 ] .  I f  (x,y) is  known , an estim ate o f
A (x ,y)  can be o b ta in ed , o
k
In  the  next sections  th e  d if fe re n t  reconstruction  tecniques w i l l  be 
discussed b r ie f ly .  The d e ta ile d  theory o f the various reconstruction  
methods is  given by Brooks [1974], Foster [1982],  Budinger [1976] and 
Herman [1974].
4 .3  BACK PROJECTION METHODS
The Back p ro je c tio n  method, also c a lle d  th e  Summation method or 
L in ear S uperposition  method, was used in  the f i r s t  attem pt fo r  
reco n stru c tio n  from p ro je c tio n s  by Oldendorf [1961].  Kuhl and Edwards
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Figure 4 - 2  Representation of scanning geometry for a 
circular dense object
F ig u re  4 . 3 :  Back p r o j e c t io n  fo r  a  sm a ll  d en se  o b j e c t  show ing
t h e  s t a r  a r t i f a c t .
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[1963] produced th e  f i r s t  radio isotope image by th is  technique. This is  
th e  sim plest method o f reconstruction  by which the  reco n stru ctio n  is  done 
by back p ro je c tin g  each p r o f i le  across the  image p lane such th a t  the  
va lu e  of each ray-sum is  d is tr ib u te d  e q u a lly  between a l l  the po in ts  along
th e  ra y . In  F ig u re  4 .2  a dense c irc u la r  o b je c t is  illu m in a te d  by an
X -ra y  beam (X) and a shadow (S) is  formed on the  X -ray  f i lm . This
process is  repeated a t  several angles around 18£f a rc  so th a t  several 
radiographs are  produced. I f  a p a r a l le l  beam o f l i g h t  is  passed through 
each radiograph the  re s u lt  is  a series  o f l in e s  which cross a t  the  
p o s it io n  of the  o r ig in a l  ob ject (F igure 4 . 3 ) .
T h e re fo re , fo r a g iven  p o in t the reconstructed d e n s ity , f b ( x , y ) ,  is  the  
sum o f a l l  the  ray™sums th a t  pass through i t  and can be w r itte n  as;
m
f  (x ,y ) = 2 1  P (x ' , 0  ) A 0  (4.8)
b j  j
where 0 j  is  the  j t h  p ro je c tio n  a n g le ,& 0  is  the  angular in te rv a l between 
p ro je c tio n s  and m is  the  to t a l  number o f p ro je c tio n s .
The Back P ro je c tio n  method is  a t t r a c t iv e  because i t  can be implemented 
e a s i ly  w ithout th e  need of a computer or s o p h is tic a te d  mathematics. 
However the re s u lt in g  image is  only a crude approxim ation of the o r ig in a l  
o b je c t ,  and the  most s tr ik in g  a r t i f a c t  o f Back P ro je c tio n  is  the w e ll 
known s ta r  p a tte rn  (F igure 4.3) produced by a h ig h ly  lo c a lise d  o b je c t. 
T h is  occurs because p o in ts  outside the  o r ig in a l o b je c t receive some of 
the  b ack-pro jec ted  in te n s ity .  Even i f  a g re a t many p ro je c tio n s  are  used, 
so th a t  the  s ta r  p a tte rn  is  b lu rred  and th ere  is  s t i l l  an increase in  the  
background in te n s ity .  M l  po ints  w ith in  the  o b je c t receive these 
background concentrations from neighbouring p o in ts , so th a t the sub tle  
d iffe re n c e s  in  d e n s ity  can not be d is tin g u ish ed .
There have been attem pts to  improve the image by p a r t ly  removing the  
b lu rr in g  using a d ig i t a l  computer. V a in sh te in  [1971] described a
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su b tractin g  procedure to  increase contrast in  the image by making the  
average density  o f the reco n stru c tio n  id e n t ic a l w ith  the estim ated  
average density  of the o r ig in a l .  Muehllehner and W etzel [1971] 
subtracted  out the  s ta r  p a tte rn  to  a l im ite d  degree by looking fo r  high  
d e n s ity  p o in ts , c a lc u la tin g  the  corresponding s ta r  p a tte rn s  and 
su b trac tin g  them from the image. However, w ith  the  advancement of 
computer technology the emphasis has s h ifte d  to  more accurate methods and 
t h is  method is  no longer used. I t  is  included here not only fo r  i t s  
h is to r ic a l  importance but because an understanding of B ack-P ro jection  
w i l l  serve as a basis fo r  understanding the more complex methods to  be 
described in  next sections .
4 .4  ANALYTICAL METHODS
A n a ly tic a l reco n stru ctio n  methods re ly  on the  d ire c t  s o lu tio n  o f 
equation  4 .6  fo r  the density  fu n c tio n  f ( x , y ) .  These so lu tio n s  are  
designed to  remove the s ta r  a r t i f a c t  th a t  b lu rs  each image p o in t in  the  
b a ck -p ro je c tio n  process. The f i r s t  a n a ly t ic a l reconstruction  using 
X -ra y s  was performed by Cormack [1963,1964].  But the F o u rie r  
reco n stru c tio n  technique had been introduced by Bracewell [1956] in  
radioastronomy. Later th is  technique was used in  e le c tro n  microscopy [De 
R osier and K lug, 1968],  op jtical holography [Rowley, 1969],  radiography  
and rad io is o to p ic  imaging [T r e it ia k  e t  a l ,  1969? Bates and P eters , 1971? 
Mersereau, 1973? Kay e t  a l ,  1974].
A n a ly tic a l techniques are now w id ely  used in  X -ray  tomography, e .g  in  EMI 
and ACTA scanners, and, to  a les s er e x te n t, in  rad io isotope imaging.
The a n a ly t ic a l methods can be grouped in to  two basic categories:
( i ) . Two-dimensional F o u rie r Reconstruction
( i i ) . F i l te r e d  Back P ro je c tio n .
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4 . 4 . 1  TWO-DIMENSIONAL FOURIER RECONSTRUCTION
The F o u rie r reco n stru c tio n  method was f i r s t  introduced by 
B racew ell in  1956. Th is  method was independently discovered by De Rosier 
and Klug [1968] in  e le c tro n  microscopy and by Rowley [1969] in  o p tic a l  
holography and has been used or proposed by severa l authors fo r  
rad io g rap h ic  and ra d io is o to p ic  ap p lic a tio n s  [Brooks, 1974] .
The problem posed is  to  f in d  the best estim ate of a s e t o f density  
fu n c tio n  f ( x , y )  values from a s e t of p ro je c tio n  data P ( r , 0 ) . The image 
reco n s tru c tio n  is  achieved by fin d in g  the  two-dim ensional a rray  of 
F o u rie r c o e f f ic ie n ts .  The image w i l l  be the inverse Fourie r transform  of 
th is  a rra y . The vario u s  in te rp o la t io n  schemes had been discussed in  a 
g re a t deal in  the  l i t e r a t u r e  [Herman, 1973] .
Any fu n c tio n  o f space or tim e can be represented as a sum o f sine and 
cosine waves (harmonics) o f d if fe r e n t  frequencies. The am plitude of each 
harmonic is  c a lle d  th e  F o u rier c o e f f ic ie n t . A p lo t  o f the p ro jected  
a c t iv i t y  d is t r ib u t io n  (SPECT) or a tte n u a tio n  c o e ff ic ie n ts  (TCT) as a 
fu n c tio n  o f d is tance c o n s titu te s  a waveform. This waveform can be 
approximated by the  superposition  o f a s e ries  o f s ine and cosine waves 
corresponding to  th e  d if fe r e n t  Fourier c o e ff ic ie n ts . Points in  Fourier 
space fo r  which th e re  is  no data  are estim ated by in te rp o la t io n . By 
using these F o u rie r c o e ff ic ie n ts  i t  is  possib le  to  reconstruct the  
o r ig in a l o b jec t p a tte rn  [McCullough and Payne, 1977].
The s ta r t in g  p o in t fo r  the d e r iv a tio n  of the Fourier method is  to  
represent the two-dim ensional density  function  f ( x , y )  as a sum of sine  
and cosine waves, propagating in  various d ire c tio n s  across the  p lane,
i . e .
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f ( x ry) = | f ( K x , Ky) exp [2 7 i^(K xX rKyY)] dKxdKy (4 .9 )
where F(Kx,Ky) are  the Fourier c o e ff ic ie n ts  and the  parameters Kx and Ky 
are  the wave numbers in  the  X and Y d ire c t io n . Taking the  inverse  
transform  o f the above equation gives the  F o u rie r c o e ff ic ie n ts ;
of
F(Kx,Ky) =J j f ( x , y )  exp [ - 2  X i ( K x  X,Ky Y) ] dxdy (4.10)
"OD <50
I f  the (X,Y) axes is  
4 .4)
F igure 4 .4 ;  R epresentation o f ro ta t io n  axes.
where
- I  Ky
© = tan (— ) (4 .11 )
Kx
and using th e  ro ta t io n a l transform ation
Kx = K cos©
Ky = K sin©
where (4.12)
K = Kx +~Ky
and
2 2 1 /2  
K =|K |= (Kx + Ky)
ro ta te d  by an angle © to  a new axes (R,S) (F igure  
Y
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F(Kx,Ky) = j  j f ( x , y )  exp[ -2  7fiK(xcos© + ys in 8 ) ] dxdy (4 .13)
Now both the (X,Y) and (Rf S) coord inates are  C artesian  coordinates  
th e re fo re  dxdy = drds and xcos© + ysin© = r  (equation 4 . 4 ) .
Thus the  equation 4 .13  becomes
The e q u a t io n  4 . 1 0  becom es
The s - in te g ra l in  the above equation  is  the  ray-sum defined by the  
equation  4 .1 .  Thus the  above equation  now becomes
where P(K,©) is  the F o u rie r transform  of P ( r ,0 )  w ith  respect to  r .  
T herefore
T h is  equation s ta tes  th a t  each F o u rie r c o e f f ic ie n t  o f f ( x , y )  equals the  
F o u rie r c o e ff ic ie n t  o f the  p ro je c tio n  taken a t  the same angle.
The image reconstruction  by th is  technique is  achieved by tak in g  th e  
one-dim ensional Fourier transform  of the p ro je c tio n , follow ed by 
in te rp o la t io n  to  provide a two-dim ensional a rray  of Fourier c o e ff ic ie n ts  
and f in a l ly  to  take the inverse two-dim ensional transform  to  achieve the  
d e n s ity  function  f ( x , y ) .
The requirement fo r  in te rp o la t io n  a r is e s  because the Fourier c o e ff ic ie n ts  
obta ined  from pro jecions do not f a l l  on a rectangular m atrix  as req u ired
F(Kx,Ky) * s( r , 0 )  exp (-2^LK r)dr = P(K,©) (4.15)
F(Kx,Ky) = F(K ,0)  = P(K,©) (4.16)
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fo r  the  inverse tw o-dim ensional transform  [Brooks and D i C h iro , 1974].  
Although i t  is  p o ss ib le  to  o b ta in  exact in te rp o la t io n  using th e  sampling 
theorem [B racew ell, 1 9 6 5 ] ,  the  la rg e  amount o f computer tim e invo lved  has 
made i t  p ro h ib it iv e  fo r  most a p p lic a tio n s . A number of a lte rn a t iv e
procedures had been developed [Crowther e t  a l ,  1970; Mersereau and 
oppenheim, 1974; Thompson and B racew ell, 1974] .
4 . 4 . 2  FILTERED BACK-PRQJECTION
i
The equation 4 .8  can be w rite n  as in  the in te g ra l form as
yC
f  (x ,y )  = f  P (r ,© )  d© (4.17)
The Fourier transform  o f P ( r ,© )  is  given by
oo
P ( r , 0 ) = J  P(K,©) exp (2 pfiKr) dK (4.18)
-oo
Therefore  the equation  4 .17  can be w ritten  as
K  C Off P(K,0)
j y )  = J Jf  (x ,y )  = J J  —  exp(2F!iKr) [Ki dK (4.19)
b o -oo 1K|
The above equation is  a form o f two-dimensional F o u rie r in te g ra l in  p o la r
u
coord inates . Taking th e  tw/fo-dimensional Fourier transform  of eq atio n  
4 .19  and using equation  4.16 vie get
P(K,©) F(Kx,Ky)
F (Kx,Ky) = —  = — —  (4.20)
b IK | 1K1
where F(Kx,Ky) a re  th e  F o u rie r c o e ffic ie n ts  o f the  back-pro jected  image. 
Th is  im plies  th a t  th e  back -p ro jec ted  image is  equal to  the  tru e  image 
except th a t the F o u rie r c o e f f ic ie n ts  o f the tru e  image a re  d iv id ed  by the
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magnitude o f the  s p a t ia l frequency, Therefore  the  summation image is  
c lo s e ly  re la te d  to  th e  o b je c t. Th is  re s u lt  suggests th a t  b a ck -p ro je c tio n  
can be improved i f  the  p ro je c tio n s  a re  p ro p erly  m odified in  some way 
before  being b ack -p ro jec ted . Such m o d ifica tio n  is  c a lle d  " f i l t e r in g " .  
The technique of image reconstruction  by th is  method is  c a lle d  ' f i l t e r e d  
b a c k -p ro je c tio n ' or ' co n vo lu tio n ' .
Thus i f  the p r o f i le s  shown in  Figure 4 .5 (a )  are  m odified as shown in  
Figure 4 .5 (b )  by in c lu d in g  negative  components, spurious a t t r ib u t io n s  to  
p o in ts  outside the o r ig in a l o b ject can be removed i f  f i l t e r in g  is  
a p p lie d .
F igure 4.5: (a) Back p ro je c tio n  fo r  a c irc u la r  o b je c t.
(b ) F i l te r e d  b ack -p ro jec tio n  fo r  a c irc u la r  o b je c t.
In  F igure 4 . 5 ( b ) ,  f i l t e r e d  p ro f i le s  a re  back-pro jected  to  reconstruct the  
o r ig in a l o b je c t. I t  could be seen th a t  though the p o in t 0 outside the  
o b jec t receives p o s it iv e  c o n trib u tio n s  fo r p r o f i le s  A and B, these are  
e f fe c t iv e ly  can ce lled  by the  negative e f f e c t  of p r o f i le s  C and D. W ith  
many p ro je c tio n s  in  use, th is  should e lim in a te  the  s ta r  a r t i f a c t s  [Cho e t  
a l ,  1974? Brooks, 1976 ] .
There e x is t  th re e  forms o f f i l t e r e d  b ack -p ro jec tio n  c la s s if ie d  according  
to  the  type of f i l t e r i n g  employed.
4 . 4 . 2 . 1  F o u r ie r  F i l t e r i n g
The F o u rie r f i l t e r i n g  can be obtained by considering the Fourier 
in te g r a l  o f f ( x , y )
In  p ra c t ic e , equation 4.23 is  replaced by i t s  d is c re tiz e d  form as
where m is  the  number o f p ro je c tio n  and & 9  i s  the  angular in te rv a l  
between each p ro je c tio n . Equation 4.25 can be compared w ith  equation 4 .8  
o f th e  simple b a c k -p ro je c tio n  method except th a t  the back-projected
b a c k -p ro je c tio n .
The e f f e c t  o f th is  f i l t e r i n g  is  to  increase the high frequency components 
o f th e  p r o f i le  in  accordance w ith  th e ir  wave number producing a biphasic  
fu n c tio n  w ith  average value of zero [Brooks,1976].
The procedure fo r  the im plim entation  of th is  f i l t e r in g  method is  to  f i r s t  
take  the  F o u rie r transform  of a p ro je c tio n , m u ltip ly  each c o e f f ic ie n t  by 
th e  magnitude of the  s p a t ia l  frequencies K , then back -p ro jec t across the
7f  oo
(4.21)
and in  p o la r coordinates (as shown e a r l ie r )
F(Kx,Ky) = P(K,@) (4.22)
then  we can w r ite rr
(4.23)
where o
(4.24)
m *
f(xry) = Si p ) A  e 
j = i
(4.25)
it
p ro je c tio n  P used in  th is  case has been p r e - f i l t e r e d  before
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image p lan e, and then rep ea t fo r  successive p ro je c tio n s .
4 . 4 . 2 . 2  Radon F i l t e r in g
Equation 4 .24  is  in  fa c t  the  inverse Fourier transform  o f a
product o f two fu n c tio n s  P(K,0) and |K| ,  P(K,@) is  known to  be the
2 2
F o u rie r transform  o f P ( r , 0 )  and the  transform  of |K| is  - 1 /2  K r  [Brooks,
1976 ] .  The convo lu tion  theorem s ta te s  th a t the F o u rie r transform  of a
convo lution  process is  equal to  the product of the  in d iv id u a l Fourier  
transform s [B racew ell, 19 6 5 ] ,  we can w r ite  using equation 4 .24 .
*  1 
P ( r , 6 ) -  -  —
oo
P(r',0)
— —  dr® (4.26)
j»09 2
2  71 " ( r  -  r •)
In e g ra tio n  by p a rts  o f th is  equation w i l l  y ie ld
@D
1 P ( r \ 0 )
P (r,@) = —  —  dr® (4.27)
2  J  ( r  - r ' )
2TT
which could be eva luated  using the  Cauchy™Reiman method. The above 
equation  e x h ib its  s in g u la r i t ie s  a t  r-r® which is  source of inaccuracy
when i t  is  implemented d ig i t a l l y .  Also the squared term in  the
denominator of equation  4.26 w i l l  cause the divergence o f th a t equation .
The removal o f th is  source of divergence is  the  sub ject o f the next
f i l t e r in g  method.
4 . 4 . 2 . 3  Convolution F i l t e r in g
The divergence of equation  4,26 is  caused by the  fa c to r  |K| in  
equation  4 .2 4 ,  whose F o u rie r transform  contains a squared term in  the
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denom inator. To avo id  the  divergence |K| is  rep laced  by |K| < Km, but
ze ro  fo r  |K| > Km. Km is  defined as the  maximum frequency c u t-o f f  va lu e . 
T h is  band l im it in g  means th a t equation 4 .24  w i l l  not be a ffe c te d  by 
unphysical high frequencies because P(K,0) is  zero  fo r  |K|>Kra.
So th e  F o u rie r transform  of th is  c u t -o f f  vers ion  o f |K| is  giv^Jby 
Km 0 Km
J IK| exp (2 ?tiKr)dK = J |K |  exp(2 HiKr)dK +J|Kj  exp( 2 ldLKr)dK
- K m  —K m  0
Km
= 2i IK| cos(2iriK r)dK (4.28)
In te g ra t in g  the  r ig h t  hand side by p a rts  we g e t
Km 2
f  Km s in  (KKm r)
! |K | exp(2jfiK r)dK  = —  sin(2Km7Tr) -  — —— — (4.29)
J  TCr 2 2
-Km X  r
Now fo r  the convo lu tion  f i l t e r e d  p ro je c tio n  we w i l l  have
2
k f  f  s in {2 W m (r -r ') s ir
P
v-oq L I X { r  -  r f)
X  ( r  -  r»)
* r i { M n  {'KKmfr-r ’ )} -j
(r,© ) = J P ( r \ 0 )  Km  ----------- ——  -  — — —  (d r* (4.30)
~ d l ( ?  2 2 J
The re s u lt  obtained fo r  the  f i l t e r  fu n c tio n  has been derived  in  various  
forms and various approximations have a lso  been used [Ramachandran and 
Lakshminarayanan,1971? Bracewell and R id d le , 1967? Shepp and Logan, 
1 9 7 4 ] .  The f i r s t  term in  brackets is  the w e ll known s ine  function  which 
has th e  e f f e c t  o f removing frequency components g re a te r  than Km in  a 
convo lu tion  in te g ra l  [B racew ell, 1965].  The im p lic a tio n  o f th is  is  th a t  
the P ( r , 0 )  i s  l e f t  untouched a f t e r  convolution w ith  th is  term, and we 
have
2
s in 7 (Km(r -  r B)
P ( r , 0 )  = Km P ( r , 0 )  -  | P ( r s,0) — — d r ’ (4.31)
2 2 
X  ( r  -  r *)
, 8 ) ( r ' ,<
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Due t o  band l i m i t i n g
2
s in  (T iKm(r~r8) ) =
1 r - r  8=odd
( 4 . 3 2 )
0 r - r ’ -even
and th e  in te g ra l in  the  equation 4 .31 can be replaced by a summation, 
w ith  po in ts  spaced a t  in te rv a ls  w = l/2Km [Bracew ell 1956].  We get
7t w j= l,o d d  ( i - j )
w ith  the summation taken over a l l  j  fo r  which i  -  j  is  odd.
T h is  method of f i l t e r in g  th e  p ro je c tio n s  by convolving them w ith  a 
fu n c tio n  p r io r  to  b a ck -p ro je c tio n  is  most w idely  used e s p e c ia lly  in  
radiography [Ramachandran and Lakhshminarayanan, 1971? Lees e t  a l ,  1974? 
Sheppand Logan, 1974] and most X -ray  computer assisted  tomography
A
scanners. At Surrey a vers io n  o f th is  technique has been used fo r  an X -
and gamma-ray tranm ission scanner [F o s te r, 1981? Folkard , 1983?
MacCuaig, 1986].  Also th is  technique has been used fo r  the SPECT work 
described in  th is  th e s is .
4 .5  ITERATIVE METHODS
The term i t e r a t iv e  r e fe rs  to  a method o f successive approximations  
in  which an a rb it ra ry  s ta r t in g  image is  chosen and then successive  
c o rre c tio n s  are made to  i t ,  b ring ing  i t  in to  b e tte r  agreement w ith  the  
measured p ro jec tio n s  u n t i l  a s a t is fa c to ry  agreement is  obtained.
I t e r a t iv e  techniques have long been used by the mathematicians fo r
s o lv in g  equations. These methods were f i r s t  app lied  to  image 
reco n stru c tio n  by B racew ell [1956] in  radioastronomy, and independently
by Gordon e t  a l  [1970] in  e le c tro n  microscopy. This technique was used
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P(r ) m P(r  ) 
j
2
(4 .33)
in  th e  f i r s t  vers io n  o f EMI scanner [H ounsfie ld , 1972,1973] as w e ll  as in  
o th e r rad io g rap h ic , e s p e c ia lly  ra d io is o to p ic , s tud ies  [Mayers e t  a l ,  
1972; G o ite in , 1972; Kuhl e t  a l ,  1973; Budinger and Gulberg, 1974 ] .
I t e r a t iv e  techniques a re  g e n e ra lly  used in  cases where the  number of 
views is  l im ite d  and noise is  s ig n if ic a n t  or i f  a d d itio n a l fa c to rs  such 
as s o lid  angle and gamma-ray a tten u a tio n  are  p resen t. That is  why 
i t e r a t iv e  methods are  w id e ly  used fo r  rad io isotope im aging.
In  order to  implement th is  technique the  ob ject to  be reconstructed is
2
approximated to  a square a rra y  conta in ing  N = n c e lls  each of which has a 
d e n s ity  value f  ( i  -  1 , 2 , 3 , . . . . . . . . . N ) . The p ro je c tio n s  are  then broken
up in to  s tr ip s  o f w idth  equal to  the  dimensions of each c e l l  which is  
norm ally  1 /n  (F igure  4 . 6 ) .  The ray-sum are then c a lc u la te d  f r o m  each 
p ix e l  in te rse c te d  by the  ray  i . e .  for  the j t h  ray,
P = W f + W  f  + W f  (4.34)
j  I j  1 2 j  2 Nj N
where Wjj is  the  w eighting  fa c to r  fo r  the ( i , j )  c e l l  and defined  as the  
fa c to r  which when m u lt ip lie d  by the tru e  value of ( i ,  j )  p ix e l gives i t s  
c o n tr ib u tio n  to  the  e xp ec ta tio n  value o f P. . This fa c to r  incorporates  
th e  geometry o f the measurement process and in  EOT can a lso  incorporate  
th e  w eighting in fo rm a tio n  to  compensate fo r  a tte n u a tio n .
Since most c e l ls  a re  not in te rs e c te d  by a given ray , most of the  Ws are  
zero .  Wjj are  c a lc u la te d  in  various ways, inc lu d in g  the  area of the  
c e l l  in te rsec ted  by th e  ray ,  the len gth  of the ray in te rse c te d  by the  
c e l l  and the  p ro x im ity  o f the ray to  centre  of the c e l l ,  and represent 
th e  c o n trib u tio n  o f a g iven  c e l l  to  the  ray-sum.
The equation 4.34 represents  a s e t o f m atrix  equations w ith  the  d e n s itie s  
f  as the v a r ia b le s . T h is  equation could, in  p r in c ip le ,  be solved by
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Figure 4.6s D iagram atical i l lu s t r a t io n  o f the  i t e r a t iv e  
reconstruction  method.
in v e rtin g  th e  m atrix  W(-j , i .e?
m -1
f  = 2  (W ) p (4.35)
i  j = l  i j  j
This method has been used fo r  l im ite d  a p p lic a tio n s  [Kashyap and 
M i t t a l , 1973? Tewarson, 1973] but in  general has been proved im p rac tic a l 
[Brooks and D i C h iro , 1974].  This is  because of the problems in  
m anipulation o f such a la rg e  matr ix ,  in s u f f ic ie n t  number o f p ro jec tio n s  
to  g ive  a unique s o lu tio n  and above a l l ,  data noise and other a r t i fa c t s  
w i l l  render the p ro je c tio n  data to  be in c o n s is te n t, in  which case th e re  
is  no unique s o lu tio n .
One method devised to  overcome these d i f f i c u l t i e s  is  to  ad just the  
d en sity  values f [  i t e r a t iv e ly  u n t i l  the c a lc u la te d  p ro je c tio n s  agree 
c lo s e ly  w ith  the measured p ro je c tio n s . In  the  i n i t i a l  s ta r t in g  image a 
uniform d en sity  d is t r ib u t io n  is  assumed and ray-sums are  ca lcu la ted  fo r
O'?
these. The d e s ity  o f each p ix e l is  then ad justed  to  compensate fo r  the  
d iffe re n c e  between c a lc u la te d  and measured ray-sums. When th is  has been 
done fo r  a l l  p ro je c tio n s  the  f i r s t  i t e r a t io n  is  completed. This
106
procedure is  then repeated u n t i l  the  desired accuracy in  the d iffe re n c e  
between measured and c a lc u la te d  p ro je c tio n  is  achieved. M athem atically  
th is  can be expressed as
I  £ - 1  m
f = f +  A f  (4.36)
i  i  j = l  i j
t - t  £
where f  £ and f  i  a re  the d e n s itie s  before and a f te r  the i-th  i te r a t io n  
I
and A f  . j  is  the c o rre c tio n  a p p lied  to  the i t h  p ix e l from the j t h  ray .
At the  end of the f i r s t  i t e r a t io n  one a rriv e s  a t  a so lu tio n  which is
e s s e n t ia l ly  what is  obtained fo r  the  case of sim ple b ack -p ro jec tio n  i f
th e  s ta r t in g  d en sity  was zero throughout the image f i e ld .  Because th is
£
r e s u lt  is  not adequate, a c o rre c tio n  fa c to r ^ f ^ j  is  back-pro jected  in to  
th e  succeeding i t e r a t io n .
I
A f  •: a re  to  be c a lc u la te d  in  order th a t , i f  ap p lied  to  a l l  c e l ls  
c o n s titu tin g  the  j t h  ray,  the  c a lc u la te d  p ro je c tio n  w i l l  be increased by 
A P j .
c
A  P = P ~ P (4.37)
j  j  j
C
where P. is  the c a lc u la te d  p ro je c tio n .
There are  two types o f c o rre c tio n  procedures, a d d itiv e  and
m u lt ip l ic a t iv e .  In  a d d it iv e  c o rrec tio n s  each c e l l  receives a c o rre c tio n  
in  p ro p o rtio n  to  i t s  w eight W ij i .e?
I  N 2
f  = W A P  /  H  W (4.38)
i j  i j  j  i = l  i j
The denominator is  a norm alis ing  fa c to r  to  ensure th a t  the to t a l  change 
in  ray-sum is  A  P- when a l l  the  c e l ls  are  corrected .
In  m u lt ip lic a t iv e  co rrec tio n s  each c e l l  receives a co rrec tio n  in
a
p r o p o r t io n  t o  i t s  p r e s e n t  a s s ig n e d  d e n s i t y  f .  i . e . ?
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again  the norm alizing  is  such th a t  the to ta l  ray c o rre c tio n  is  A P j .
Using equation 4.37 and rearrang ing  i t ,  we get
a
f  P
a I  i  j
f  + A f  = —  (4.40)
i  i j  i
P
j
which says th a t  the  co rrec ted  density  is  equal to  the  o r ig in a l density  
m u ltip lie d  by the r a t io  o f the measured and ca lc u la ted  ray-sums.
There e x is t th re e  basic  i t e r a t iv e  reconstruction  techniques, c la s s if ie d  
according to  the  sequence in  which these co rrec tio n s  are made and 
incorporated  during th e  i t e r a t io n .
4 . 5 . 1  Simultaneous C o rre c tio n  Technique
This technique is  a ls o  c a lle d  the i te r a t iv e  le a s t  square technique  
(XLST). This is  th e  s im p lest method in  which a l l  the p ro je c tio n s  fo r
'n
each i te r a t io n  a re  c a lc u la te d  a t  the begining and then a l l  correctons are
A
a p p lied  sim ultaneously to  a l l  the p ix e ls . However, th is  re s u lts  to  an 
o v er-co rre c tio n  because each c e l l  is  reconstructed fo r  every ray passing 
through i t  and th e  i te r a t io n s  th ere fo re  o s c il la te  about the  co rrec t 
s o lu tio n  [B racew ell, 1956 ] .  Th is  problem can be solved by applying a 
damping fa c to r to  a l l  th e  c o rrec tio n s . The choice o f damping fa c to r  is  
n o t c r i t ic a l  but in  th is  method lending i t s  name to  th is  technique, i t  is
c a lc u la te d  so as to  produce the  best le a s t square f i t  a f t e r  the i te r a t io n  
[G oiten , 1972].  Th is  method has been applied to  both X -ray  transm ission  
and gamma-ray em ission tomography.
At S urrey , a m ultipurpose computer program has been developed by the  
author using the  i t e r a t iv e  le a s t  square technique. The program u t i l is e s  
th e  RECLBL l ib r a r y  ro u tin es  generated by Herman e t  a l  [Herman e t  a l ,
19 7 7 ] .  There are  two choices o f methods, the steepest descent or 
g ra d ie n t method and the  conjugate g rad ien t method. Both have been used 
in  rad io isotope imaging in  th is  study.
4 . 5 . 2  Ray-bY-Ray C o rrectio n  or A lgebraic Reconstruction Technique (ART)
This technique was discovered by Gordon e t  a l  [1970] in  the f i e ld  
o f e le c tro n  microscopy who c a lle d  i t  the  a lg e b ra ic  reconstruction  
technique (ART) „ Th is  technique was used in  the  f i r s t  vers ion of the EMI 
scanner [H o unsfie ld , 1973] .  In  th is  method a t  the  begining o f each 
i t e r a t io n  one ray is  c a lc u la te d  and co rrec tio n s  are  ap p lied  to  the ray.  
Th is  procedure is  then repeated fo r  the second ray ,  and so on, always 
embodying previous c o rrec tio n s  in  each new c a lc u la t io n , u n t i l  a l l  the  
p ro je c tio n s  have been tre a te d . This completes one i te r a t io n .
I t  has been found th a t ,  in  order to  ensure th a t  succeeding ite ra t io n s  are  
independent of each other and avoid e r ro r  accum ulation, the sequence of 
p ro je c tio n s  correc ted  is  not chronological so th a t  the angle between the  
consecutive correc ted  p ro je c tio n s  is  la rg e  [H ounsfie ld , 1973; Kuhl e t  
a l ,  1973].
ART is  a very e f f ic ie n t  method, because i t  incorporates the corrections  
during the  i t e r a t io n ,  w ithout a s ig n if ic a n t  increase in  the  computation 
tim e . Oppenheim [1975] has reported s a t is fa c to ry  re s u lts  using only two 
i t e r a t io n s .  However, ART is  a lso  the most succeptib le  to  noise [Herman 
and Rowland, 1973; Budinger and Gulberg, 1974 ] .  Noise g en era lly  causes 
in co n sis ten cies  in  the  p ro je c tio n  data , so th a t  i t  may be impossible to
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s a t is fy  a l l  p ro je c tio n s  a t  the  same tim e . The best approach, th en , is  to  
produce density  values which are  a best le a s t  square f i t  to  the  
p ro je c tio n  da ta .
4 . 5 . 3  P o in t-b y -P o in t C o rrectio n  or Simultaneous I t e r a t io n  Technique
The simultaneous i t e r a t iv e  reco n stru c tio n  technique (SIRT) was 
in troduced by G ilb e r t  [1972] in  e le c tro n  microscopy and has a lso  been 
a p p lie d  to  p o s itro n  tonography by Schm idlin [1972] and in  radioastronomy 
by Bracew ell [1956].  In  th is  method each i te r a t io n  begins w ith  a 
p a r t ic u la r  p o in t and c a lc u la t io n s  and co rrec tio n s  are  applied to  a l l  
ray-sums th a t  c o n tr ib u te  to  th is  p o in t .  This procedure is  repeated fo r  
every  other p o in t w h ile  ta k in g  a l l  the  previous co rrec tio n s  in to  account 
in  th e  present i t e r a t io n .  Each p o in t (p ix e l) receives a co rrec tio n  in  
p ro p o rtio n  to  i t s  present d e n s ity .
4 .6  DISCUSSION
From the foregoing i t  is  c le a r  th a t th e re  are  a number of
algorithm s fo r  reco n stru ctin g  ob jects  from p ro je c tio n s  and a lo t  o f work 
has been done by various workers to  evaluate  in d iv id u a l a lg orithm s,
in c lu d in g  a few s tud ies  o f the r e la t iv e  goodness o f reconstruction  of
d i f fe r e n t  a lgorithm s using a v a r ie ty  o f ob jects  [Cho and Chan, 1975;
Herman and Rowland, 1973; Ramachandran and Lakshminarayanan, 1971;
& . . .  Sweeny, 1973; Smith e t  a l , 1 9 7 3 ] . However, no q u a n tita tiv e  comparison
A
can be made since d i f fe r e n t  workers use d if fe r e n t  te s t  o b jec ts , d i f fe r e n t  
measurement c r i t e r ia  and d if fe r e n t  implementation o f the the given
a lg o rith m s. So g e n e ra lly  speaking th e re  e x is t  no g en era lly  a p p licab le  
s e t o f c r i t e r ia  fo r  choosing a reco n stru c tio n  a lg o rith m .
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The s u i t a b i l i t y  o f a  reco n stru c tio n  te ch n iq u e  i s  no rm ally  ex p re ssed  in  
te rm s  o f sp eed , a c c u ra c y , image q u a l i ty  and i t s  response  t o  incom plete  
d a ta .  The r e l a t i v e  im portance of each o f th e se  i s  dependent on th e  
p a r t i c u l a r  a p p l ic a t io n .
I t  i s  generally  agreed th a t, for complete data ( i . e .  data c o lle c te d  at  
sm all in terv a ls  over a l l  angles) where no in terp o la tion  i s  required, the  
a n a ly t ic a l techniques are the fa s te s t  since each projection  can be 
processed immediately a fter  c o lle c t io n  and the en tire  reconstruction i s  
completed sh ortly  a fter  the la s t  projection  i s  measured. But in  p ractice
o
p r o je c t io n  d a ta  can n o t be o b ta in ed  fo r  a l l  an g le s  between 0 and 180 and 
th e r e f o r e ,  in t e r p o la t io n  becomes e s s e n t i a l .  The b a c k -p ro je c tio n  in t e g r a l  
h a s  t o  be re p la c e d  by a summation. So band l im i t in g  and in te r p o la t io n  
a r e  th e  two f a c to r s  t h a t  a f f e c t  th e  accu racy . Band l im it in g  i s  th e  lo s s  
o f h ig h  s p a t i a l  f r e q u e n c ie s  when th e  p r o je c t io n  i s  sam pled. T h is  i s  on ly  
a  s i g n i f i c a n t  problem  a t  sh a rp  in te r f a c e s  between h igh  and low d e n s ity  
re g io n s  and i s  n o rm ally  com pensated fo r  by th e  f i l t e r .
In terp o la tion  may be necessary to  estim ate the values between the data 
p o in ts . I f  the in ter v a ls  between data points are s u f f ic ie n t ly  sm all then 
lin ea r  in terp o la tion  g ives adequate resu lts  except a t sharp edges where 
the f i l t e r e d  p r o f ile  changes rapidly.
I t e r a t i v e  te c h n iq u e s  a r e  a f f e c te d  by th e  f i n i t e  i t e r a t i o n  tim e and a 
p o s s ib le  la c k  o f convergence o f th e  s o lu t io n  [Brooks and Di C h iro , 1975] 
e s p e c i a l l y  i f  n o ise  i s  p r e s e n t .  The e x ac t n a tu re  o f t h i s  problem depends 
on th e  s e le c t io n  o f th e  damping f a c t o r ,  sequence o f c o r re c t io n  e t c .  I f  a 
s u f f i c i e n t  number o f i t e r a t i o n s  i s  done and a  p ro p er damping f a c to r  i s  
u se d , th e  i t e r a t i v e  method produces good r e s u l t s  a t  th e  expense o f long 
com p u ta tio n  tim e .
I f  the number of p ro jection s i s  not s u ff ic ie n t  to  fu lly  determine the
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image then the  data a re  sa id  to  be incom plete. Bracewell and R idd le
[1971] suggested th a t  i f  a lia s in g  is  to  be avoided and a good
reco n stru c tio n  is  to  be obta ined , the number of p ro jec tio n s  needed to  
com pletely  sp ec ify  a c ircu lar-bounded  image is
m = n IT /4  (4 .41)
where n is  the number o f c e l ls  spanning a diameter of the  o b je c t.
I f  more than m p ro je c tio n s  a re  obta ined , the re s u ltin g  image is  sa id  to  
be over-determ ined and i t  represents an average of the redundant
in fo rm a tio n . The e f f e c t  o f th is  is  to  reduce the noise and minimise
in te rp o la t io n  requirem ents. I f  fewer than m p ro jec tio n s  are a v a ila b le
fo r  reco n stru c tio n , the  image is  sa id  to  unde r-de  te r  mined. In  some 
cases, e s p e c ia lly  in  m edical rad io isotope imaging, i t  may be necessary to  
reco n stru ct an image from fewer p ro je c tio n s . Therefore the  
reco n stru c tio n  program must make assumptions about the missing d a ta . The 
behaviour o f a n a ly t ic  and i t e r a t iv e  reconstruction  methods are  
fundam entally d if fe r e n t  in  th is  resp ect. The a n a ly tic  methods assume 
th a t  the  missing p ro je c tio n s  a re  s im ila r  to  the  a v a ila b le  ones and the  
m issing data is  created  by in te rp o la t io n . I te r a t iv e  methods, however, 
assume th a t the image is  as smooth as p o ssib le , consist ant w ith  the  
a v a ila b le  d a ta . T h ere fo re , i t e r a t iv e  methods do b e tte r  fo r  
non-sym m etrical ob jects  fo r  which a n a ly t ic a l methods may introduce  
e r r o r s .  Furthermore, the in te rp o la t io n  requ ired  to  f i l l  the missing data  
in  a n a ly t ic a l methods re s u lts  in  increased reconstruction  time w h ile  fo r  
i t e r a t iv e  methods the  tim e requirem ent is  a c tu a lly  reduced [Brooks,
1 9 7 4 ] .
Therefo re  i t e r a t iv e  methods may become the methods of choice in  
s itu a t io n s  where incomplete data  is  a v a ila b le .
4 . 7  IMAGE ANALYSIS
4 . 7 . 1  POINT SPREAD AND LINE SPREAD FUNCTIONS
The s p a t ia l re s o lu tio n  of an imaging system is  determined by i t s  
a b i l i t y  to  reso lve  two ad jacent p o in t o b jec ts . Cne measure o f the  
s p a t ia l  re s o lu tio n  o f a system is  the fu l l -w id th -a t  h a l f  maximum (FWHM) 
o f an image produced from a sm all p o in t - l ik e  o b je c t. The image response
ag a in s t d istance is  c a lle d  the  p o in t spread fu n c tio n  (PSF). I f  the
o b je c t is  a s tra ig h t  l in e  in s tead , the  image response a t  r ig h t  angles to
th e  l in e  is  known as a l in e  spread fu n ctio n  (LSF). B a s ic a lly , LSF is  
e q u iv a le n t to  the  PSF in te g ra te d  along one d ire c t io n . Thus,
m athem atically  the  LSF can be expressed as
Where P(x ,y)  i s  the  PSF i n  the (x,y) p lane.
The LSF is  one d im ensional, th e re fo re  i t  is  e a s ily  tre a te d  m athem atically  
and g ra p h ic a lly . The LSF can be obtained by imaging a narrow s l i t  but 
th is  is  im p ra c tic a l s ince i t  is  impossible to  obta in  an in f in i t e ly  th in  
l in e  source or narrow s l i t .  However, i f  one side o f the  s l i t  is  removed, 
then an in d ire c t  d e te rm in a tio n  of the LSF can be undertaken by imaging a 
sharp, opaque, k n ife -ed g e  o b je c t. The image response across the  edge is  
r e fe r r e d  to  as the  unsharpness curve or the edge spread fu n c tio n  (ESF). 
I f  E(x) is  the  ESF o f the  system, i t  has been shown th a t  the slope of the  
ESF a t  a p o in t x g ives  the  value of the LSF, L ( x ) , a t  th a t  p o in t 
[Lamberts, 1958].
(4.42)
Y
dE(x)
L(x) = - ( 4 . 4 3 )
dx
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4 . 7 . 2  MODULATION TRANSFER FUNCTION
The performance o f an imaging system can a ls o  be described by i t s  
s p a t ia l  frequency response, known as the modulation tra n s fe r  fu n ctio n  
(MTF). An id e a l imaging system produces images from ob jects  w ithout any 
lo s s  of in fo rm atio n a l co n ten t. The MTF can be determ ined experim enta lly  
w ith  a te s t  o b ject in  which the d is tr ib u t io n  o f the  physica l q u a tity  o f 
in te r e s t  v a rie s  s in u s o id a lly  w ith  known s p a t ia l frequency f .  MTF is  then  
c a lc u la te d  as the  r a t io  o f the output modulation to  the  input m odulation.
MTF(f) =
Mo
Mi
(4 .44)
Where Mi and Mo are  the  input and output modulation re s p e c tiv e ly , and
and
Mi =
Mo =
lmax -  Im in
lmax + Im in
lmax -  Im in
(4 .45)
input
lmax + Im in
(4 .46)
output
Where lmax and Im in a re  the maximum and minimum in te n s ity  o f the  
response.
The MTF can a lso  be c a lc u la te d  a n a ly t ic a l ly .  I t  has been shown 
m athem atically  th a t  the  MTF is  the Fourier transform  o f the LSF [Ozek,
1975] i . e .
09
MTF(f) = J lS F ( x )  exp(-2  I t  i  f  x) dx 
-eo
(4.47)
By s u b s t i t u t i n g  LSF(x) a s  g iv e n  in  e q u a tio n  4 .4 2  t h e  MTF i s  found t o  be
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MTF(f) = exp ("2 TCf p ) (4.48)
The im portant fe a tu re  o f th e  MTF is  i t s  cascading property? i f  an 
imaging system is  a l in e a r  system and can be separated in to  several 
subsystems o f in d iv id u a l MTFi ( i  = 1 to  K) the to t a l  MTF is  given by 
[K o uris , 1982]
MTF = MTF . . . . M T F  • . .  .MTF (4.49)
1 i  N
4 .7 . 3  IMAGE CONTRAST
Brightness is  th e  psycholog ical concept u su a lly  associated w ith  
the  amount o f l ig h t  s tim u lu s . Due to  the g rea t adaptive  a b i l i t y  o f the  
eye, absolute brigh tness  cannot be accu ra te ly  judged by the  human eye. 
Two images o f equal in te n s ity  do not always appear e q u a lly  b r ig h t ,  bat 
depend on the immediate surrounding which gives d i f fe r e n t  c o n tra s t, 
th e re fo re  a q u a n tita t iv e  measure o f con trast is  necessary in  image 
a n a ly s is . The term c o n tra s t is  to  emphasize the d iffe re n c e  in  the  
in te n s ity  of neighbouring regions in  images.
Several d e f in it io n s  o f c o n tra s t have been given by H a ll [1979].  In  
psychology, c o n tra s t 'C* re fe rs  to  the r a t io  o f the  d iffe re n c e  in  
in te n s ity  of an o b je c t Io  and th e  immediate surroundings I .
Io  -  i
C = —  (4.50)
I
A co n trast measurement commonly used in  optics describes th e  c o n tras t 'C ' 
of a s p a tia l frequency g ra tin g  as
Imax -  Im in
c = (4.51)
Imax + Im in
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w here Imax and Im in a r e  th e  maximum and minimum i n t e n s i t i e s  o f th e  
p r o f i l e .  In  im aging system  t h i s  c o n t r a s t  i s  a l s o  known a s  c o n t ra s t  range 
o r c o n t r a s t  r a t i o .  The c o n t r a s t  o f one re g io n  w ith  r e s p e c t  to  th e  o th e r  
can  be w r i t t e n  a s
I I  -  12
c  -  _ _  (4 .52)
I I  + 12
w here I I  and 12 a r e  th e  i n t e n s i t i e s  o f th e  two re g io n s  o f  i n t e r e s t  in  th e  
r e c o n s tru c te d  im age.
The r a t i o  of c o n t r a s t  o f th e  image, C i, to  t h a t  o f th e  o b je c t ,  Co, can be 
u sed  t o  e v a lu a te  th e  im aging p ro c e s s , i . e
C o n tra s t  R a tio (4.53)
4 . 8  SOLID ANGLE AND ATTENUATION COMPENSATION IN SPECT
A beam of photons when passing through matter ,  may be absorbed or 
sc a tte re d  according to  the  d if fe r e n t  in te ra c tio n  processes described  
e a r l ie r  in  chapter 3 . Absorption may be thought of as the disappearance 
o f a photon from the  beam and s c a tte rin g  as a combination of absorption  
and em ission, where the  emission takes place in  a new d ire c tio n  [Davison 
and Evans, 1952].  Both the processes co n trib u te  to  the a tte n u a tio n  of 
photons which are  i n i t i a l l y  moving in  a p a r t ic u la r  d ire c tio n .
The problem of a tte n u a tio n  is  one of the major com plicating fac to rs  in  
reco n stru c tio n  w ith  SPECT. Among problems th a t occur in  medical SPECT as 
a re s u lt  of a tte n u a tio n  are  "hot rim" a r t i f a c t s  and inaccurate data  
re la te d  to  perceived asym m etrical organ uptake of in je c te d  rad io n u clid es . 
The u ltim a te  goal o f SPECT systems is  to  determine the absolute reg io n a l 
rad io nuclide  concentration  as a fu n c tio n  o f tim e [Jaszczak e t  a l ,  1980].  
The precise estim ates o f " in -v iv o "  ra d io a c t iv ity  are d i f f i c u l t  because 
th e  counts recorded by the detecto r are a fu n ctio n  of both the  
d is tr ib u t io n  of the  source and the  s e lf-a b s o rp tio n  ins ide  the o b je c t.  
Therefore  the p o s it io n  dependent v a r ia t io n  has distance-dependent and 
depth-dependent v a r ia t io n  components. The former component is  due to  the  
f a c t  th a t the recorded counts vary  as the  inverse square of the d istance  
between source and th e  d e te c to r , and the  la t t e r  is  due to  the a tte n u a tio n  
o f the  photons w ith in  th e  source. For mono-energetic photons th is  la t t e r  
fa c to r  has an exp o n en tia l dependence on depth of the source in s id e  the  
m a te r ia l.
4 . 8 . 1  SOLID ANGLE OR GEOMETRICAL FACTOR CORRECTION
The geom etrica l fa c to r  is  caused by the v a r ia t io n  in  the f i e ld  of 
view  of the d e te c tio n  system and i t  poses an obstacle in  a tta in in g
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q u a n t i t a t i v e  im aging . So a  knowledge of s o l id  an g le  sub tended  by a 
d e te c to r  a t  th e  so u rce  i s  e s s e n t i a l  in  a l l  a b s o lu te  m easurem ents o f th e  
i n t e n s i t y  o f th e  r a d io a c t iv e  so u rc e s .
In  th e  absence of s e l f - a b s o r p t io n  th e  a b so lu te  a c t i v i t y  o f a  r a d io a c t iv e  
so u rc e  c an , in  p r in c i p l e ,  be determ ined  by u sing  a d e te c to r  o f known 
a b s o lu te  e f f i c i e n c y .  The i n t r i n s i c  e f f ic ie n c y  o f a  d e te c to r  can be 
d e f in e d  a s
Number o f co u n ts  reco rd ed  in  fu l l - e n e rg y  peak
E(int) = — —  ----   ~ --------- ------- „--------------
Number o f pho tons in c id e n t on th e  d te c to r
i.e
4TCNP
E(int) = —    (4.54)
where i s  th e  s o l id  a n g le  sub tended  by th e  d e te c to r  a t  th e  so u rc e , Np
i s  number of c o u n ts  reco rd ed  in  th e  fu l l - e n e rg y  peak and N i s  number of 
p h o to n s o f a  g iv en  energy  e m itte d  by th e  sou rce  d u rin g  th e  tim e of 
m easurem ent.
The s o l id  a n g le  can be d e f in e d  a s
■ 1 -
Cos©
= [ dA (4.55)
r
w here r i s  d is ta n c e  betw een th e  sou rce  and a su r fa c e  e lem ent dA on th e  
d e t e c to r ,  © i s  th e  an g le  between th e  normal t o  th e  su r fa c e  and th e  source 
d i r e c t i o n  and th e  in t e g r a t i o n  i s  c a r r ie d  o u t over th e  su r fa c e  of th e  
d e t e c to r .  For a  p o in t  so u rce  lo c a te d  along th e  a x is  o f a  r ig h t  c i r c u la r  
c y l in d r i c a l  d e te c to r  th e  s o l id  an g le  can be w r i t te n  as
_n_ = 271 1 -
2 1 /2  
[1 + (a /d ) ]
(4.56)
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w here sa* i s  th e  ra d iu s  o f th e  d e te c to r  and d = r+ x , where r  i s  th e  
so u rc e  t o  d e te c to r  d is ta n c e  and 'x '  i s  th e  mean dep th  of i n t e r a c t io n  
w ith in  th e  d e te c to r .  For d » a  th e  s o l id  an g le  becomes
2 2
= I t  a  /  d (4 .57)
For a  d is c  source  and a c i r c u l a r  d e te c to r  th e  s o l id  an g le  can be w r i t t e n  
a s  [W illlia m s , 1966]
( R 2 X “° “ (r) 
r=J—— —— *— -  dr (4 .58)
R
w here R i s  th e  ra d iu s  o f th e  so u rc e .
The above eq u a tio n  has been e v a lu a te d  by T ajuddin  [1986] in  a Monte C arlo  
s im u la tio n  program t o  c a lc u la te  th e  s o l id  an g le  m a th em a tica lly . I f  th e  
v a lu e  of th e  s o l id  an g le  i s  known th e n  th e  number o f r a d ia t io n  q u an ta  
e m itte d  by th e  source  over th e  measurement p e r io d  can be determ ined  by 
th e  e q u a tio n  4 .5 4 .
T h is  method i s  n o t u s e fu l  fo r  SPECT purposes because th e  s p a t i a l
d i s t r i b u t i o n  o f th e  ra d io n u c lid e  must be known b e fo re  running th e  program
w hich , in  f a c t ,  i s  th e  aim o f th e  SPECT. A lso th e  computer s im u la tio n
program  ta k e s  ap p rox im ate ly  60 secods t o  c a lc u la te  a  s in g le  s o l id  an g le
n
v a lu e  which means fo r  a  la rg e  number o f ray-sum s i t  w i l l  ta k e  
u n acc ep tab ly  long com puting t im e . So t h i s  method i s  n o t f e a s ib le  fo r  our 
p u rp o s e s .
The e f f e c t  of s o l id  an g le  on th e  count r a te  can be m inim ised i f  an
o p tim ise d  g eo m etrica l a rrangem ent i s  u sed . T ie  opposed d e te c to r
arrangem ent has been proven  t o  g iv e  more a c c u ra te  measurements o f  th e
a c t i v i t y  in  human o rgans " in -v iv o "  [Arimizu e t  a l ,  1969; W illiam s e t  a l ,
1969; Toth i l l  and G a l t ,  1971] . Any dependence o f coun ting  r a te  upon
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source p o s itio n  e n t ir e ly  due to  geom etrica l arrangement is  minimised i f  
such a se t-u p  is  used.
In  F igure 4 .9  such an opposed d e tec to r se t-u p  is  shown, A p o in t source 
is  a t  a d istance X from the  cen tre  o f a c irc u la r  o b jec t o f radius R. Two
DETECTOR A DETECTOR B
Figure  4 . 7 . D iagram atica l i l lu s t r a t io n  o f opposed de tecto r  
geometry.
d etectors  are  placed d ir e c t ly  opposing each other (same re s u lt  can be 
achieved w ith  a s in g le  d e tecto r by combining re s u lts  from opposite  
views);  the d istance a p art is  chosen to  minimise the s o lid  angle e f f e c t .  
The equations fo r  the outputs o f the  two detectors  can be w r it te n  as
la  = lo  exp(-ju (R+X)) 
l b  = lo  e x p ( -p (R -X ) )
(4.59)
(4.60)
where lo  is  the  d etecto r count in  absence o f absorber in  tim e t ,  la  and 
lb  a re  the counts recorded by the d e tecto rs  A and B re s p e c tiv e ly  and p is  
the  l in e a r  a tte n u a tio n  c o e f f ic ie n t  o f the  m a te ria l comprising the  
c ir c u la r  ob ject fo r  the p a r t ic u la r  ra d ia t io n  energy from the  source. The
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v a r i a t i o n  in  coun t r a t e  w ith  d is ta n c e  can be reduced  i f  th e  av erag e  of 
th e  two d e te c to r  o u tp u ts  i s  ta k e n . The a r i th m e t ic  mean o f th e  two 
d e te c to r s  i s  g iv en  by
[ la  + lb ]
j——  a* io  [exp{-ju (R-X)} + exp{-p (R+X)}] (4 .61)
2
The a r i th m e t ic  mean s t i l l  shows some dependence on so u rce  p o s i t io n  due to  
a t te n u a t io n .  By c o n t r a s t  th e  g eo m etric  mean o f th e  two co u n tin g  r a t e s  i s  
g iv e n  by
1 /2
( Ia lb )  = Io  exp(-pR) (4 .62)
I t  i s  c le a r  from th e  above e q u a tio n  t h a t  th e  g eo m etric  mean o f th e  
opposed d e te c to r  o u tp u ts  i s  independen t of th e  s o u rc e - to -d e te c to r  
d is ta n c e .  T h e re fo re  t o  m inim ise bo th  g eo m etric a l and a t te n u a t io n  f a c to r s  
th e  geom etric  mean g iv e s  g r e a te r  independence of co u n t r a t e  w ith  sou rce  
d ep th  th an  th e  a r i th m e t ic  mean. E xpression  4.62 can  be used  t o  d e r iv e  
th e  count r a te  c o r r e c te d  f o r  a t te n u a t io n  by d iv id in g  th e  g eo m etric  mean
by exp(-juR) where p  and R a r e  known.
The use of th e  above method im proves th e  p o in t sou rce  resp o n se  o f s in g le  
d e te c t in g  e lem ent e .g  a  c o l l im a to r  h o le . In  th e  ca se  o f a  la rg e  a re a  
t h i n  p lane  sou rce  h av in g  c o n s ta n t  a c t i v i t y  p er u n i t  a r e a ,  th e  resp o n se  
does n o t depend on th e  d is ta n c e  from th e  source i f  a t te n u a t io n  i s  ig n o red  
and c e r t a in  ap p ro x im atio n s  a re  made [Brow nell, 1 9 58 ]. T h is  i s  because 
th e  a re a  on th e  t h i n  s la b  o f a c t i v i t y  w ith in  th e  accep tan ce  s o l id  an g le  
o f th e  d e te c to r  c o l l im a to r  w i l l  in c re a se  a s  th e  sq u are  o f th e  d is ta n c e  
w h ile  th e  e f f ic ie n c y  o f d e te c t io n  p e r u n i t  a re a  of th e  s la b  w i l l  d e c re a se
w ith  th e  in v e rse  sq u a re  o f th e  d is ta n c e .  T h erefo re  th e se  two e f f e c t s
w i l l  c an ce l each o th e r  and th e  o v e r a l l  response w i l l  be indep en d en t of 
so u rce  d ep th . T h is  a l s o  h o ld s  t r u e  fo r  th e  m u l t i - p a r a l l e l  h o le  
c o ll im a to r  where th e  o v e r la p  o f f i e l d s  o f view o f n e ig h b o u rin g  h o le s ,  
w hich occur beyond a  few c e n t im e tre s  from th e  c o l l im a to r  f a c e ,  g iv e
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in c re a s e  in  s e n s i t i v i t y  p ro p o r t io n a l  to  th e  sq u a re  o f th e  d is ta n c e .
T h e re fo re  th e  p o in t  so u rce  resp o n se  in  a i r  i s  in d ependen t o f d is ta n c e
o v er th e  re g io n  o f e f f e c t i v e  o v e r la p . T h is  w i l l  n o t be th e  case  fo r  a 
s in g l e  p a r a l l e l - h o le  c o l l im a to r .
SPECT sy stem s, in  p r a c t i c e ,  en co u n te r o b je c ts  o f f i n i t e  dep th  which
c a n n o t be approxim ated  t o  t h in  s o u rc e s . However th e y  can be co n sid e re d
a s  a  s e r i e s  o f t h in  s la b s  o f  la rg e  a r e a .  The t o t a l  s e n s i t i v i t y  fo r  each 
s l a b ,  n e g le c tin g  th e  so u rce  a t te n u a t io n ,  w i l l  be e q u a l .  So SPECT system s 
u se  th e  g eo m etric  mean a s  w e ll a s  a r i th m e t ic  mean t o  p a r t i a l l y  com pensate 
f o r  d e te c t io n  e f f ic ie n c y  v a r i a t io n s .
4 .8 .2  ATTENUATION COMPENSATION
The a t te n u a t io n  o f  pho tons i s  a  major o b s ta c le  t o  th e  c r e a t io n  o f ' 
q u a n t i t a t iv e l y  a c c u ra te  images in  SPECT. The problem  of photon 
a t t e n u a t io n  alw ays o ccu rs  in  e m iss io n  tom ography, e s p e c ia l ly  fo r  low
e n e rg y  pho tons in  a  h igh  d e n s ity  m a tr ix . The e f f e c t  of photon 
a t t e n u a t io n  i s  a  lo s s  o f th e  in fo rm a tio n  c o n te n t .  T h is  i s  due to  th e  
f a c t  t h a t  th e  i n t e n s i ty  o f pho tons d e te c te d  i s  n o t  th e  t r u e  in t e n s i ty
e m it te d  by th e  so u rc e . The a t te n u a t io n  o f pho tons in  SPECT may be due to
th e  medium su rro u n d in g  th e  sou rce  o r due to  th e  so u rce  i t s e l f .  The
d e g re e  of a t te n u a t io n  depends on th e  energy o f th e  e m itte d  p h o to n s , th e  
c o n s t i tu e n t s  o f th e  su rro u n d in g  medium and i t s  d e n s ity  and th ic k n e s s .
In  tra n s m is s io n  tom ography pho ton  a t te n u a t io n  i s  th e  param eter which i s  
m easured and each  l i n e  i n t e g r a l  P(r,@) i s  r e l a t e d  t o  th e  a t te n u a t io n  
c o e f f i c i e n t s  by
Io
(4 .6 3 )
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where ds is  the  len g th  o f th e  element w ith  a tte n u a tio n  c o e f f ic ie n t  p .
In  em ission stud ies  the  c o n tr ib u tio n  o f each element to  the p ro je c tio n  
ray  is  not a sim ple a d d it iv e  f a c t o r ,  as in  the case of transm ission  
s tu d ie s . Each element co n trib u tes  a photon emission concentration
3
(photons/sec-cm ) which is  a ttenuated  along the  path length  between each 
p o in t and the  edge o f the  o b ject along a p ro je c tio n  ray . Thus the  
in te n s ity  of photons measured along one p ro je c tio n  view w i l l  be
s ig n if ic a n t ly  d i f fe r e n t  from the in te n s ity  measured in  the  conjugate view  
(180 ap art from the f i r s t  view) p a r t ic u la r ly  i f  the d is tr ib u t io n  of 
a c t iv i t y  is  not uniform .
For emission tomography P ( r , e )  is  g iven by
P(r ,©) = f  A0 (x ,y )  ds exp{-J  / i ( x ' , y ' ) d s }  (4.64)
;  L ( r )  ■yL ( r ,© ,x ,y )
where J  ^ ( x f r y 'J d s  is  th e  l in e  in te g ra l of the photon a tte n u a tio n  from 
L(r,©,x,y)
the  p o in t o f i t s  emission to  the  d e te c to r.
D i f f e r e n t  approaches to  so lv in g  th e  problem of a tte n u a tio n  in  SPECT have 
been considered by d i f fe r e n t  workers. Some have derived  the  images 
ignoring  the  a tte n u a tio n  [Kay e t  a l ,  1974] .  Ignoring  the  a tten u a tio n  and
perform ing th e  reco n s tru c tio n  using the  uncorrected data re s u lts  in  both
an a ttenuated  source a c t iv i t y  and an erroneous s p a t ia l d is tr ib u t io n .  
This  approach may be used fo r  q u a lita t iv e  c l in ic a l  s tud ies  o f regions  
where a tte n u a tio n  is  not s ig n if ic a n t  but i t  is  not adequate fo r  
q u a n tita t iv e  studies [Murphy e t  a l ,  1979 ? Jaszczak e t  a l ,  1980].
There are  several ways o f a tte n u a tio n  compensation th a t  can be app lied  in  
SPECT. The a tte n u a tio n  co rrec tio n s  can be app lied  p r io r  to  the  
reco n stru c tio n  (p re -c o rre c tio n  or pre-processing tech n iq u es), during the  
reco n stru c tio n  process ( in t r in s ic  techniques) or a f t e r  the reconstruction  
(p o s t-c o rre c tio n  or post processing tech in ques). P re -c o rre c tio n  and
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p o s t - c o r r e c t io n  te c h n iq u e s  a re  c u r r e n t ly  used in  SPECT sy stem s. 
P r e - c o r r e c t io n  te c h n iq u e s  [Budinger and G u llb e rg , 1977? Kay and Keyes, 
1975? Budinger e t  a l ,  1979] a re  easy  to  u se . These te c h n iq u e s  reduce 
th e  'h o t  r im ' a r t i f a c t s  and a re  q u i te  adequa te  fo r  u n ifo rm ly  d i s t r i b u te d  
so u rc e  and a t te n u a to r  c o n f ig u ra tio n s  b u t a re  n o t q u a n t i t a t iv e  fo r  so u rces  
d i s t r i b u t e d  in  a  la rg e  a t te n u a to r ,  e s p e c ia l ly  i f  th e  a t te n u a to r  i s  
no n -u n ifo rm .
P o s t - c o r r e c t io n  te c h n iq u e s  [Kuhl e t  a l ,  1973? Chang, 1978] do a  b e t t e r  
jo b  o f q u a n t i f i c a t io n  b u t a re  unab le t o  com pensate fo r  p o in t response  
d i s t o r t i o n s  in  a  non-uniform  a t te n u a to r  [G ullberg  e t  a l ,  1985]. 
I n t r i n s i c  c o r r e c t io n  te c h n iq u e s  [Budinger and G u llb e rg , 1974? H sieh and 
Wee, 1976? B e l l in i  e t  a l ,  1979? G u llb e rg , 1979? W alte rs  e t  a l ,  1981? 
Moore e t  a l ,  1982? Tanaka, 1983] which p ro p e r ly  model th e  a t te n u a t io n  
p ro c e s s ,  have th e  p o te n t i a l  fo r  a c c u ra te  q u a n t i f ic a t io n  of th e  source  
d i s t r i b u t i o n s .  T h is  co n c lu s io n  has been s u b s ta n t ia te d  by a number of 
co m p ara tiv e  s tu d ie s  [G ullberg  e t  a l ,  1982? Lews e t  a l ,  1982? Webb e t  
a l ,  1984? P e rg ra le  e t  a l ,  1984] b u t n o t a s  y e t  been f u l l y  a p p re c ia te d  in  . 
c l i n i c a l  s tu d ie s .
The d i f f e r e n t  c o r r e c t io n  te ch n iq u es  a re  d e sc r ib e d  b r i e f l y  in  th e  n ex t 
fo llo w in g  s u b s e c t io n s .
4 . 8 . 2 . 1  PRE-CORRECTION TECHNIQUES
In  th e  p r e - c o r r e c t io n  or p re -p ro c e s s in g  te c h n iq u e s  th e  a t te n u a t io n  
c o r r e c t io n  i s  a p p l ie d  t o  th e  p ro je c t io n  d a ta  p r io r  t o  th e  co n v en tio n a l 
c o n v o lu tio n  o r i t e r a t i v e  re c o n s tru c tio n  m ethods. There a re  v a r io u s  ways 
t o  com pensate fo r  th e  a t te n u a t io n  by c o r re c t in g  th e  p r o je c t io n  d a ta  
b e fo re  r e c o n s tru c t in g .  The re c o n s tru c tio n  a lg o rith m  th e n  assumes t h a t  
th e  d a ta  re p re s e n ts  th e  t r u e  u n a tte n u a te d  d a ta  and th u s  does n o t re q u ire  
any s p e c ia l  w e ig h tin g  t o  com pensate fo r  th e  in t e r n a l  a b so rp tio n . In
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cases where sm all un ifo rm ly  d is tr ib u te d  source in  a uniform low d en s ity  
absorbing m a te ria l is  used, the  corrected  p ro je c tio n  data does represent 
th e  tru e  p ro je c tio n  data  but fo r  la rg e  volume source in  a high Z m a te ria l 
th e  corrected  data are  only an approxim ation to  the tru e  p ro je c tio n  d a ta . 
H ie  d if fe r e n t  p re -c o rre c tio n  methods fo r  a tte n u a tio n  compensation are  
described here.
(a) Simple Conjugate Means
In  th is  method the  sim ple mean of the opposing p ro je c tio n  rays 180° 
a p a rt is  taken . There are two approaches used in  th is  method; 
a r ith m e tic  mean [Kay and Keyes, 1975] and geometric mean [Genna, 1966] .  
These two methods have been discussed in  sec tio n  4 . 8 , 1 .  These methods 
compensate only p a r t ly  fo r  a tte n u a tio n  and are inadequate fo r  the  
gamma-ray energies u su a lly  used in  nuclear medicine [Budinger and 
G u llb e rg , 1977] but i t  does reduce the data to  a form th a t is  amenable to  
fu r th e r  m o d ifica tio n s .
(b) Hyperbolic Sine C o rrectio n
This a tte n u a tio n  c o rre c tio n  technique was f i r s t  ap p lied  by 
Sorenson [1974] to  whole body r e c t i l in e a r  scanning and can be used w ith  
both the ILST and th e  convo lu tion  reconstruction  techniques [Budinger e t  
a l ,  1979].  In  th is  method the  conjugate means are  corrected by a fa c to r  
th a t  assumes a constant a tte n u a tio n  c o e f f ic ie n t .  This fa c to r can be 
d e riv e d  as fo llo w s .
The isotope emission counts dAl received a t  one view are considered as 
a r is in g  from a sm all th ickness increment dx and attenuated  by the depth  
increm ent in  the body; thus dAl can be w r it te n  as;
where L is  th e  t o t a l  th ickn ess through which the  ray passes, f  (>0) is  the  
l in e a r  f ra c t io n  o f the th ickness in  which the isotope is  d is tr ib u te d , and 
AQ is  th e  tru e  a c t iv i t y  o f the source. In te g ra t io n  o f above equation  
over the ray  len gth  g ives :
A0 exp(-pm)
A l = — —  s in h (fu L /2 ) (4.66)
f / i ( V 2 )
where m is  th e  mean source depth,
A s im ila r  expression is  obta ined  fo r  the conjugate view
A0 exp[-(pL-m ) ]
A2 =   — s in h (fp L /2 ) (4,67)
fp (L /2 )
The geom etric mean, (A1A2) , is  re la te d  to  the  tru e  a c t iv i t y  as:
1 /2
(A1A2) fju (L /2) [exp(pL/2) ]
A = _ _ _ _ _ _ —  --------- —  (4,68)
s in h (fp L /2 )
Taking th e  a r ith m e tic  mean o f the conjugate views gives the  tru e  a c t iv i ty
as:
(A1+A2) f  (pL/2) [exp (juL/2) ]
2 s in h (/ifL /2 ) cosh [ ) i {  (1 /2 ) —m}]
The above equation  c o n ta in s  the  source depth dependence w hile  equation  
4 ,6 8  is  independent o f the  source depth,
A more d e ta ile d  an a lys is  o f th is  method is  given by Sorenson [1974],
The parameter fjuL can be determined from an assumed a tte n u a tio n  
c o e f f ic ie n t  and a measured th ickness through the  o b ject fo r  each ray,  
which can e ith e r  be measured p h y s ic a lly  or c a lc u la te d  a u to m a tica lly  a f t e r  
a f i r s t  estim ate  is  made of the image. Th is  method was used by the  
author w ith  the  f i l t e r e d  b a ck -p ro je c tio n  method.
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(c )  AVERAGE THE MAXIMUM AND MINIMUM EXPONENTIAL FACTOR
This method was suggested by Kay and Keyes [1975].  In  th is  method 
i t  is  assumed th a t the  a tte n u a tio n  d is tr ib u t io n  p ( x ry)  is  approximated by 
a constant a tte n u a tio n  c o e f f ic ie n t ,  p . The summation o f the two opposite  
views can be w r it te n  as;
L
P(^,e) + P ( - l f i + V )  = ( A ( i , j )  [exp(-jue) + exp{-p(L-fc)}] (4.70)
0
where A ( i , j )  is  the tru e  a c t iv i t y  and L is  the to t a l  len gth  through which 
th e  p ro je c tio n  l in e  passes.
The corrected  p ro je c tio n  data can be obtained by d iv id in g  the sum,of the  
two opposite views by the  exponentia l fa c to r in  the above equation.
The minimum value of the exponentia l fa c to r  is  g iven by
min [exp(-jj£) + e x p { - j j ( l > £ ) }] = 2 .e x p ( -L /2 )  (4.71)
and th e  maximum value is  g iven by
max [exp. ( - p i  + e x p ( - y { L r ~ i ) ) ] = 1 + exp(-)iL) (4.72)
The average of these two values is  g iven by;
Average = (1 /2 ) [1 + e x p ( -p L )  + 2 0exp(-juL/2) ] (4.73)
Now th e  approximations fo r  the co rrected  p ro je c tio n  data  are;
2 [P (£.,©) + P (-«£,©+t t ) ]
P ( i ,© )  =    — ------ -------    (4.74)
1 + exp(-^uL) + 2 .exp (-juL /2 )
Then the reconstruction  is  performed using th e  corrected  p ro je c tio n  data . 
Th is  method was a lso  used by the  author w ith  the  f i l t e r e d  b ack -p ro jec tio n
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m eth od s.
(d ) AVERAGE THE EXPONENTIAL FACTOR
This method was suggested by Webb e t  a l  [1983].  In  th is  method 
in s tead  of tak in g  th e  maximum and minimum of the  exponentia l fa c to r  
[e xp {~pL )  + exp{-ju (I>  I } }  ? th e  average of th is  fa c to r  is  taken fo r  0 <£<L. 
T h is  can be w r it te n  as
2 exp(-;iL /2)
< exp(-JuL) + exp{-ju (L -£) }> = sinh(juL/2) (4.75)
juL/2
The corrected p ro je c tio n , th e r e fo r e ,  can be w r it te n  as
[p (£ ,e )  + p ( -£ ,e +  )] t a i / 2 )
P(C,9) = -----------------------------------------------  (4.76)
2 exp(~^uL/2) sinh(yuL/2)
(e) CORRECTION OF DATA USING THE UNCORRECTED TRANSVERSE SECTION
This method in vo lves  th e  co rrec tio n  of each ray P (H ,e )  by a fa c to r
th a t  represents what should be the  p ro je c tio n  data i f  there  were no
a tte n u a tio n . The assumptions a re  th a t the uncorrected transverse sec tio n  
represents the isotope co n cen tra tio n  diminished by a fa c to r conta in ing  
th e  source a tte n u a tio n  c o e f f ic ie n t  and i t s  mean distance from the edge of 
th e  a tten u atin g  o b je c t . Then th e  p ro je c tio n  data is  re ca lcu la te d  by the
i e
sum o f the products o f the  uncorrected concentration and exp [ p i  j ■. ) where 
fl8
is  the d istance between th e  p ic tu re  element A ( 1 , 3 ) and the  edge of 
the  a ttenuating  o b je c t in  th e  d ire c tio n  of p ro je c tio n  fo r ray k. 
Form ally , th is  is  expressed as;
P(£r0) = A ( i r 3) e x p ( p l  ) (4.77)
i f  j  i j
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Thus a f t e r  th e s e  c o r r e c t io n s  a  re c o n s tru c tio n  i s  perform ed by e i th e r  th e  
XLST o r f i l t e r e d  back p r o je c t io n  te c h n iq u e .
( f )  USE OF A DERIVED CORRECTION MATRIX BASED ON PHANTOM STUDIES
T his m ethod, used  by Kuhl e t  a l  [1973], i s  based  on phantom 
s tu d ie s .  A c o r r e c t io n  m a trix  i s  d e riv e d  from th e  phantom s tu d ie s  and i s  
s to r e d  in  th e  com puter memory. Then th e  u n c o rre c te d  p r o je c t io n  d a ta  i s  
m u l t ip l ie d  w ith  th e  c o r r e c t io n  m a trix  and th e  re c o n s tru c t io n  i s  perform ed 
u s in g  th e  c o r r e c te d  p r o je c t io n  v a lu e s . T h is method can produce good 
r e s u l t s  fo r  un iform  and non-uniform  source and a t te n u a to r  d i s t r i b u t io n s  
i f  th e  a p p ro p r ia te  l i b r a r y  of c o r re c t io n s  i s  a v a i la b le .
(g) DIFFERENTIAL ATTENUATION METHODS
T his method depends upon th e  d i f f e r e n t i a l  a t te n u a t io n  o f m u ltip le  
en e rg y  gam ma-rays. Low energy  photons a re  more a t te n u a te d  as  compared to  
h ig h e r  energy  p h o to n s . The measurement of dep th  o f th e  gamma-ray source 
in s id e  th e  medium u s in g  t h i s  method i s  d e sc rib e d  in  c h a p te r  3 . The same 
p r in c i p l e  a p p l ie s  t o  th e  tech n iq u e  which in v o lv e s  th e  use of m u ltip le  
is o to p e s  or a  s in g le  is o to p e  e m itt in g  m u ltip le  energy  gamma-rays, where 
advan tage  i s  ta k e n  o f th e  known a t te n u a t io n  c o e f f i c i e n t s  o f d i f f e r e n t  
m edia fo r  d i f f e r e n t  pho ton  e n e rg ie s  to  d e term ine  th e  a t te n u a t io n  
c o r r e c t io n s .  T here a re  two d i f f e r e n t  approaches p o s s ib le  u sing  th e  
d i f f e r e n t i a l  a t te n u a t io n  method. The f i r s t  one was su g g es ted  by Budinger 
and G u llberg  [1974] fo r  th e  m edical a p p l ic a t io n s .  This method i s  
e x p la in e d  in  th e  fo llo w in g  exam ple.
I f  th e  pho tons from Pb-210 (4$keV) , Am-241 (60 keV) and Tc-99m (140 keV) 
w ere u sed , th e  d i s t r i b u t i o n  of lu n g , bone and s o f t  t i s s u e  can be
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d ete rm in ed  by n o t in g
- I n [ I / I o ]  (Pb) = u 'L  + p 'L  + p ' L  = P ' ( r , e )
£ s  s  b b
- l n [ I / I o ]  (Am) = p l ' L  + Juf , L + n '  'L = P , f (r,@) (4 ,78)
s  s  b b
- l n [ I / I o ]  (Tc) = u ’ ! , L + j u " ' L  + ju , , , L = P M , ( r ,0 )
£ ^  s  s  b b
w here py r p s and p b a r e  known a t te n u a t io n  c o e f f i c ie n t s  fo r  lu n g , s o f t  
t i s s u e  and bone and L^, Lg and a re  th e  th ic k n e s s  o f  lu n g , s o f t  t i s s u e  
and bone r e s p e c t iv e ly .  The p rim es deno te  th e  c o e f f i c ie n t s  a p p ro p r ia te  to  
th e  d i f f e r e n t  photon e n e r g ie s .  The system  o f e q u a tio n s  4 .7 8  can be 
a p p l ie d  t o  each ray-sum and from t h i s  th e  d i s t r i b u t io n  of lu n g , s o f t  
t i s s u e  and bone can be d e term ined  u sin g  th e  re c o n s tru c tio n  a lg o rith m s  
d e s c r ib e d  e a r l i e r .
The second method i s  r e l a t e d  t o  p lu tonium  assay  where i t  in v o lv es  
m easuring r a t i o s  o f th e  i n t e n s i t i e s  o f two or more gamma-rays e m itte d  by 
th e  p lutonium  and com paring th e  observed  r a t i o s  t o  th e  r a t i o s  o f th e  
e m itte d  i n t e n s i t i e s  assum ing no a b so rp tio n  [C lin e , 19 7 2 ], The reaso n  i s  
t h a t  s in c e  th e  m a trix  m a te r ia l  p r e f e r e n t i a l l y  abso rbs th e  low er energy 
p h o to n s , th e  observed  in t e n s i t y  r a t i o  (high/low ) o f two gamma-rays w i l l  
be h ig h e r  in  th e  p resen ce  o f th e  m a tr ix .
For two d i f f e r e n t  energy  p h o to n s  we can w r i te
I ,  = (L, )Q exp (-pjx) (4 .79)
I 2 = ( I 2 )0 exP (4 ,80)
w here I 1 and I 2 a re  th e  observed  i n t e n s i t i e s ,  (1,)^ and ( I 2)0 a r e  th e  
e m itte d  i n t e n s i t i e s ,  and ju1 and ju2 a r e  th e  a t te n u a t io n  c o e f f i c ie n t s  fo r  
gamma-ray 1 and 2 , r e s p e c t iv e ly  and x i s  th e  average d is ta n c e  t h a t  bo th  
th e  gamma-rays have t o  t r a v e l .  Taking th e  r a t i o  of th e  two i n t e n s i t i e s  
we g e t
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I i  I ,
—  = (— ) exp[-(ju  - / i 2)x] 
I 2  1 2  o
X
l n [
 ^ ( I i / I z ) 0
(p ~ p  )
1 2
(4.81)
and p u t t in g  th e  v a lu e  o f x in  e q u a tio n  4.80 we g e t
(I /  I  ) 
1 2 °
(I  ) = I  exp {------- — ) ln [
2 o 2 j u - j u
i- 1 2
(I /  I  ) 
1 2
(4.82)
T h is  means t h a t  th e  e m itte d  in t e n s i t y  o f th e  h ig h e r  energy  gamma-ray can 
be d e te rm in ed  from th e  knowledge of th e  a t te n u a t io n  c o e f f i c i e n t s  fo r  each 
o f th e  e n e rg ie s  and by m easuring bo th  th e  observed  b a re  i n t e n s i ty  r a t i o  
o f gamma-ray 1 and 2 a s  w e ll  a s  th e  r a t i o  o f t h e i r  e m itte d  i n t e n s i t i e s .  
The a t te n u a t io n  c o r r e c t io n  by th e  d i f f e r e n t i a l  a b so rp tio n  method i s  
u s e f u l  i f  we a re  d e a l in g  w ith  inan im ate  ra d io a c t iv e  o b je c ts  such as 
r a d io a c t iv e  w aste  packages o r n u c le a r  fu e l  e lem en ts ; i t  can a l s o  be 
a p p l i / e d  in  p r in c i p le  t o  n u c le a r  m edicine .
4 . 8 . 2 . 2  INTRINSIC CORRECTION METHODS
The i n t r i n s i c  a t te n u a t io n  c o r r e c t io n  methods com pensate fo r  
a t te n u a t io n  d u rin g  th e  re c o n s tru c t io n  p ro c e s s . These methods can be 
a p p l ie d  t o  non-un iform  so u rce  and a t te n u a to r  d i s t r i b u t io n s  as  w e ll a s  fo r  
th e  un ifo rm ly  d i s t r i b u t e d  so u rce  and a t te n u a to r  c a s e s .  TVo methods 
u t i l i s i n g  th e  i n t r i n s i c  c o r r e c t io n  tech n iq u e  a re  d e sc r ib e d  h e re .
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(a ) U sin g  I t e r a t i v e  L e a s t  Squ are T ech n iqu e (ILST)
The ILST method [G oiten , 1972? Budinger ang G u llberg , 1977] has 
been discussed e a r l ie r  can a cc u ra te ly  compensate fo r  a tte n u a tio n . The 
problem o f a tte n u a tio n  compensation can be overcome in  p r in c ip le  i f  an 
accu ra te  map o f a tte n u a tio n  c o e ff ic ie n ts  is  obtained throughout the  
s u b jec t by a transm ission scan across the same s lic e  as fo r  the emission  
scan. Th is  should p re fe ra b ly  be done using photons o f the same energy as 
th e  emission scan, but i f  CT images a t  severa l d if fe r e n t  energies are  
measured the a tte n u a tio n  c o e f f ic ie n t  d is tr ib u t io n  a t  in te rm ed ia te  
energ ies  can be deduced by in te rp o la t io n . This provides a p r io r i  
in fo rm a tio n  fo r  the reco n stru c tio n  o f source a c t iv i t y .  In  the  ILST an 
i t e r a t iv e  method is  used and m in im isation  is  c a rr ie d  out to  the fu n c tio n
(4.83)
c
where P  ^ is  the  estim ated p ro je c tio n  value g iven by
c
P = %  W f  (4.84)
k i j  i j  i j
P^ is  the  measured p ro je c tio n  a t  the kth  ray,  f / j  is  the in te n s ity  
( a c t iv i t y  d is tr ib u t io n )  o f p ix e l ( i , j )  to  be reconstructed and cTJC is  the  
u n c e rta in ty  w ith  which P{< was measured, which can be estim ated as th e  
square ro o t o f the observed counts. W(j  is  the  fra c tio n  of f j j  th a t  
p ro je c ts  in to  PK. In  SPECT, as w i l l  be seen below, i t  depends on th e  
model o f in te n s ity  d is tr ib u t io n  w ith in  each p ix e l and whether a tte n u a tio n  
compensation is  invo lved . M in im isatio n  can be c a rr ie d  out u t i l is in g  the  
g ra d ie n t technique, or method o f s teepest descent, w ith  parameter s ca lin g  
to  speed convergence [Huesman e t  a l ,  1977] .  In  ILST, the a tte n u a tio n  
c o rre c tio n  scheme assumes th a t  the emission scan p ro je c tio n  data fo r  the  
tran sverse  section  are the summation of p ix e l concentrations a tten u ated
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by a fa c to r  th a t  is  a fu n c t io n  o f th e  a t te n u a tio n  between th e  p ix e l  and
Q
th e  edge o f th e  o b je c t . Thus th e  p ro je c t io n  p  is  rep resen ted  by ^ &
c
p = I f  C f  (4 .8 5 )
k i j  i j  i j  i j
where Ftj  a re  th e  g e o m e tric a l w e ig h tin g  fa c to rs  and Cjj a re  th e  
a t te n u a t io n  compensation fa c to r s .  The a tte n u a tio n  compensation fa c to rs  
C j j  can be e v a lu a te d  a f t e r  re c o n s tru c tin g  th e  t ru e  a t te n u a t io n  
c o e f f ic ie n t s  from tra n s m is s io n  d a ta  using th e  eq u atio n
k k
C = exp{ I  L  /J } (4 .8 6 )
i j  i j  i ' j 1 i 1j  *
where th e  summation is  ta k e n  over th e  p ix e ls  ( i 8 r j  *) in  th e  p ro je c t io n
ra y  k from th e  p ix e l  ( i , j )  in  th e  d ir e c t io n  o f th e  measured p r o je c t io n .  
K , ,  .L j j  is  th e  le n g th  o f t h a t  p o r t io n  o f a l in e  cen tred  in  th e  p ro je c t io n  
ra y  k w ith in  th e  p ix e l  ( i 8  ^j 8) .
(b) Using I t e r a t i v e  C o n vo lu tio n  Method
T h is  method was suggested by W alte rs  e t  a l  [1 9 8 1 ] . In  t h is  
te c h n iq u e , th e  uncorrected  p r o je c t io n ,  PK , is  f i r s t  f i l t e r e d  t o  g iv e  th e
* Ou
f i l t e r e d - p r o je c t io n , PK . B c k -p ro je c t io n  is  then  perform ed w ith o u t any 
com pensation fo r  th e  a t te n u a t io n  to  g iv e  the  f i r s t  o rd er re c o n s tru c tio n  
f ' i j  such th a t
1 -r—  k *
f '  =  —  F P (4 .8 7 )
i j  M k i j  k
where M is  th e  number o f  a n g le s . H ie a tte n u a te d  p ro je c t io n s  o f  th e
approxim ated re c o n s tru c tio n  f 8« (now c a l l  re p ro je c tio n s ) a re  then
K
e v a lu a te d  by w e ig h tin g  by a  known a tte n u a tio n  fa c to r  C(j (which can be
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evaluated using Equation 4.86)
k k
P ' =  L  F C f ' (4 .8 8 )
k i j  i j  i j  i j
Hence th e  f i r s t - o r d e r  re p ro je c t io n s , p ' , c o n ta in  th e  e f f e c t  o f
k
a t te n u a t io n  and a re  expected  to  match th e  measured p r o je c t io n  d a ta  i f  th e  
re c o n s tru c tio n s  a re  e x a c t. T h is  a lg o rith m  th en  s u b tra c ts  th e  measured 
p r o je c t io n  d ata  from th e  re p ro je c t io n  data  to  g iv e  th e  f i r s t - o r d e r  
d if fe r e n c e  p ro je c t io n s ,
A  P ' = P -  P* (4 .8 9 )
k k k
The d if fe re n c e  p ro je c t io n s , A P ?r a re  ^ h e n  f i l t e r e d  b e fo re  being  
b a c k -p ro je c te d  to  g iv e  th e  f i r s t - o r d e r  re s id u a l re c o n s tru c tio n , A f ' j j
A f ' = —  I f  A P ’ (4 .9 0 )
i j  M k i j  k
The c o rre c tio n s  A f  *ty a re  then  ' s u b trac ted  from th e  p re v io u s ly  
re c o n s tru c te d  r e s u lt  to  g iv e  th e  second o rd er approxim ation  fo r  the  
re c o n s tru c tio n
f "  = f  -  A  f '  (4 .9 1 )
i j  i j  i j
In  g e n e ra l th e  a lg o rith m  is  d escrib ed  by th e  fo llo w in g  e q u a tio n
n+1 n n
f  = f  - A f  (4 .9 2 )
i j  i j  i j
The problem s w ith  methods th a t  use v a r ia b le  a t te n u a tio n  c o e f f ic ie n ts  a re  
t h a t  th ey  re q u ire  lo n g e r tim e and g re a te r  computer memory s in ce  two 
measurements as w e l l  as two re c o n s tru c tio n s  ( fo r  each tran sm iss io n  and 
em iss io n ) a re  needed. In  m edical a p p lic a t io n s  th e  r a d ia t io n  dose to  th e
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p a t ie n ts  is  g re a te r  as compared t o  i f  o n ly  one measurement is  used. 
Hence o th e r ways a re  sought to  compensate fo r  a t te n u a t io n , fo r  example 
assuming th e  a t te n u a t io n  c o e f f ic ie n t s  (which can be d e riv e d  from e ith e r  
th e  measurement o r th e o r e t ic a l  c a lc u la t io n )  to  be co n stan t throughout th e  
medium.
4 .8 .2 .3  POST CORRECTION TECHNIQUES
The p o s t-c o r re c t io n  or p o s t-p ro cess in g  techn iques  have been used 
by Kuhl e t  a l  [1973] and Chang [1 9 7 8 ]. In  t h is  method th e  c o rre c tio n s  
a re  a p p lie d  a f t e r  re c o n s tru c tio n  is  perform ed. Two methods a re  b r i e f l y  
d e s c rib e d  h e re .
The f i r s t  method is  th e  o rth o g o n a l tan g en t c o rre c t io n  (OTC) method which  
was used by Kuhl e t  a l  as an improvement to  th e  processing  techn ique fo r  
SPECT. The i n i t i a l  s te p  in  t h is  techn ique is  t o  ta k e  an orthogonal p a ir  
o f tan g en t d ata  l in e s  and form a m a tr ix  d is t r ib u t io n  th a t  r e f le c t s  th e  
p r o p o r t io n a l i ty  th a t  e x is ts  between them. The m a tr ix  d a ta  a re  then  
re d is t r ib u te d  to  conform to  th e  p r o p o r t io n a l i ty  o f each succeeding  
o rth o g o n a l p a ir  o f ta n g e n t l in e s  w ith o u t d e s tro y in g  th e  c o m p a t ib i l i ty  
ach ieved  in  th e  p rev io u s  s te p s . The f in a l  s e c tio n  m a tr ix  i s  a h igh  
c o n tra s t  image o f th e  c ro s s -s e c t io n . The m a tr ix  d is t r ib u t io n  is  
co m p atib le  w ith  a l l  th e  ta n g e n t v a lu e s  and th e re  is  a l in e a r  r e la t io n s h ip  
between m a trix  counts and th e  r a d io a c t iv i t y  in  scanned o b je c ts . Hence 
th e  t ru e  a c t iv i t y  can th e n  be determ in ed .
The second method was suggested by Chang (1 9 7 8 ). T h is  method in v o lv e s  
c o rre c t in g  th e  tra n s v e rs e  s e c tio n  va lues  A ( i , j )  by a fa c to r  th a t  
re p re s e n ts  th e  mean a tte n u a t io n  which each elem ent has experienced  i f  th e  
a t te n u a t io n  along rays  fo r  a l l  p ro je c t io n s  is  averaged. T h is  can be 
w r i t t e n  as
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1 m ©
A ' ( i , j )  = A ( i , j )  —  [e x p (ji£  ) ]  (4 .9 3 )
M <9=1 i j
©
where M is  th e  t o t a l  number o f p ro je c t io n s , h'j is  th e  d is ta n c e  from th e
p o in t  ( i , j )  to  th e  edge o f th e  o b je c t a long th e  ray  a t  p ro je c t io n  angle
Using th e  re c o n s tru c te d  b u t uncorrected  tra n s v e rs e  s e c t io n , th e  d is tan ce
along  each ra y  p r o je c t io n  is  c a lc u la te d  f i r s t .  These va lu es  a re  then
.6
used t o  c a lc u la te  th e  mean exp(ju ) ,  which is  th e  fa c to r  used t o  change 
th e  va lu es  fo r  th e  p ic tu r e  elem ents o f th e  u n co rrected  tra n s v e rs e
s e c t io n .
4 .9  SCATTER CORRECTION IN  SPECT
Over th e  energy range u s e fu l fo r  th e  tom ographic purposes Compton 
s c a t te r in g  is  g e n e ra lly  th e  dominant c o n tr ib u t io n  to  th e  a tte n u a tio n  o f  
th e  in t e r n a l ly  e m itte d  photons. The Compton s c a t te r in g  c ro s s -s e c tio n  
decreases w ith  in c re a s in g  photon energy which suggests th a t  using h ig h er  
energy sources can reduce th e  a t te n u a tio n  e f f e c t  due to  s c a t te r .  
However, a lthough  th e  s c a t te r in g  an g u la r d is t r ib u t io n  is  ap proxim ate ly  
is o t r o p ic  a t  th e  lo w er e n rg ie s  used in  n u c lea r m ed ic in e , th is  changes 
s ig n i f ic a n t ly  a t  h ig h e r e n e rg ie s , where th e  s c a t te r  becomes predom inantly  
in  th e  fo rw ard  d i r e c t io n .  Th is  is  s ig n if ic a n t  s in ce  a ttem pts  a t  h igh  
energy imaging have been l im i te d  by th e  i n a b i l i t y  to  d is t in g u is h  s c a tte r  
from  th e  d e s ire d  t ra n s m itte d  r a d ia t io n .  These fo rw ard  s c a tte re d  photons 
a re  comparable to  th e  o r ig in a l  energy and a re  a source o f serio u s  
d e g ra d a tio n  to  th e  image a lth o u g h  a tte n u a tio n  e f fe c ts  a re  reduced.
S c a tte re d  photons a re  o f low er energy than  th e  p rim ary  photons and co u ld , 
th e r e fo r e ,  in  th e o ry , be e lim in a te d  by s e t t in g  th e  b a s e lin e  o f th e  
d is c r im in a to r  window a t  a photon energy equal t o  or s l ig h t ly  low er than
136
th e  energy o f th e  p rim a ry  photons. SPECT systems c u r re n t ly  use N a l(T l)  
d e te c to rs  which l i m i t  t h e i r  energy re s o lu t io n  t o  v a lu e s  t y p ic a l ly  in  th e  
range o f 10-20% fo r  th e  gamma-rays u s e fu l fo r  n u c lea r m ed ic in e . 
T h e re fo re  some s c a t te r  counts do appear in  th e  fu l l - e n e r g y  peak window in  
s p i te  o f th e  f a c t  th a t  th e  s c a tte re d  photons a re  o f low er energy than  th e  
p rim a ry  photons. The l im it e d  energy re s o lu t io n  makes i t  v i r t u a l l y  
im p o ss ib le  t o  e l im in a te  th e  s c a tte re d  photons even w ith  the low er le v e l  
d is c r im in a to r  o f th e  energy window s e t  a t  en e rg ie s  s l ig h t ly  h ig h e r than  
th e  p rim ary  photons [Axelsson e t  a l ,  1 9 8 4 ] . Th is  im p e rfe c t  
d is c r im in a t io n  a g a in s t th e  s c a tte re d  r a d ia t io n ,  which reduces both  
s p a t ia l  re s o lu t io n  and s ig n a l- to -n o is e  r a t io ,  leads  to  d eg rad atio n  o f  th e  
image q u a l i ty  [Beck e t  a l ,  1 9 6 9 ,1 9 8 2 ]. But u n lik e  the  more serio u s  
problem s o f photon a t te n u a t io n  and camera n o n u n ifo rm ity , which produces 
s e r io u s  a r t i f a c t s ,  th e  s c a t te r  causes o n ly  some lo s s  o f le s io n  c o n tra s t ,  
s l ig h t  b lu r r in g  o f  th e  edges o f th e  o b je c t  and some increase  in  th e  
ap p aren t r a d io a c t iv i t y  (due t o  o v e r -c o r re c tio n  fo r  a t te n u a t io n ) . In  
g e n e ra l i t s  e f f e c t s  a re  s u b tle  and n o t v e ry  d is tu rb in g  [Oppenheim, 1 9 8 4 ].  
N e v e rth e le s s  as one t r i e s  to  r e f in e  techn iques  and a lg o rith m s  to  ach ieve  
more acc u ra te  re c o n s tru c tio n  o f th e  t r u e  a c / t i v i t y  d is t r ib u t io n ,  one must 
e v e n tu a lly  ta c k le  th e  problem o f Compton in s c a t te r .
T h ere  a re  a t  le a s t  fo u r  approaches to  s c a t te r  c o rre c tio n s
( i )  Using e f f e c t iv e  l in e a r  a t te n u a t io n  c o e f f ic ie n t
( i i )  Computer s im u la t io n  o f s c a t te r  component
( i i i )  S c a tte r  c o r re c t io n  by d eco n vo lu tio n
( iv )  S c a tte r  window method
4 .9 ,1  Using e f f e c t iv e  a t te n u a t io n  c o e f f ic ie n t
The e f f e c t iv e  l in e a r  a t te n u a t io n  c o e f f ic ie n t  [Larsson, 1980] is
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o fte n  used unknow ing ly , in  most cases in  which some s o r t  o f a tte n u a t io n  
c o r re c t io n  is  c a r r ie d  o u t . The t ru e  l in e a r  a t te n u a t io n  c o e f f ic ie n t  fo r  
th e  140-keV  photons o f  Tc-99m in  w a te r is  p  = 0.15cm 1 . I f  t h is  v a lu e  is  
used fo r  a t te n u a t io n  c o r re c t io n  in  a reco n s tru c ted  c ro s s -s e c tio n  o f a 
la rg e  phantom f i l l e d  w ith  Tc-99m , th e  r a d io a c t iv i t y  in  th e  phantom w i l l  
n o t appear un ifo rm  as i t  sho u ld , b u t w i l l  appear h igher round th e  
p e r ip h e ry . The excess r a d io a c t iv i t y  rep resen ts  th e  d e te c te d  Compton 
s c a t t e r ,  whose re c o n s tru c te d  image is  superimposed on th e  un iform  image 
produced by th e  d e te c te d  p rim ary  photons a f t e r  a t te n u a tio n  c o r re c t io n .  
Now i f  one uses a s m a lle r  a t te n u a t io n  c o e f f ic ie n t ,  say 0.13cm 1 fo r  b ra in  
images and p  = 0.12cm 1 or s m a lle r  fo r  abdominal images, then  one can 
u n d e r-c o rre c t fo r  a t te n u a t io n  in  such a manner th a t  th e  c e n tra l p a r ts  o f  
th e  image model th e  more in te n s e  reg ions round th e  edge caused by 
s c a t te r in g ,  r e s u lt in g  in  a more un iform  r a d io a c t iv i ty  d is t r ib u t io n  in  a 
re c o n s tru c te d  im age. However, th e  tru e  a c t i v i t y  is  o v e r-e s tim a te d  by 
t h is  mean, and th e  o v e r a l l  in te n s ity  le v e l  must be reduced fo r  accu ra te  
q u a n t i f ic a t io n .
T h is  method, in  e f f e c t ,  re p la c e s  some o f the p rim ary  photons lo s t  through  
a t te n u a t io n  w ith  s c a t te r  photons th a t  a re  d e te c te d  in  t h e i r  p la c e . I t  is  
a crude method, s in c e  i t  does n o t so lve  th e  p ro b le m  o f lo ss  o f c o n tra s t  
and edge sharpness caused by s c a t te r .  Th is  method has been in v e s t ig a te d  
by th e  au thor and th e  r e s u lts  a re  shown in  chap ter 6 .
4 .9 .2  Computer S im u la tio n  o f S c a tte r  Component
T h is  method in v o lv e s  th e  e s tim a tio n  o f th e  s c a t te r  component o f 
th e  image th rough  computer m o d e llin g . S im u la tio n s  o f an assumed 
r a d io a c t iv i t y  d is t r ib u t io n  and o f th e  surrounding s c a tte r in g  medium a re  
s to re d  in  a com puter, and a s c a t te r  image is  g en erated  from th ese  d a ta  
e i t h e r  through m athem atica l techn iques in v o lv in g  m a tr ix  m a n ip u la tio n
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[E g b ert and May, 1980] or through Monte C a r lo  te c h n iq u e s , in  which th e  
h is t o r ie s  o f  a  la rg e  number o f s c a tte re d  photons a re  s im u la te d  and 
tra c k e d  t o  determ ine  th e  p r o b a b i l i t y  o f d e te c t io n  [Beck e t  a l , 1 9 8 2 ] .  
T h is  s c a t te r  image is  s u b tra c te d  from th e  a c tu a l d e te c te d  image. The 
d i f f e r e n c e ,  re p re s e n tin g  th e  p rim a ry  photon component, is  then  c o rre c te d  
fo r  a t te n u a t io n  using th e  tru e  t is s u e  va lu e  o f  ju(0.15cm ) .  In  th e o ry
t h is  method should r e s u lt  in  a c c u ra te  s c a t te r  c o rre c tio n s  but in  p ra c t ic e  
i t  i s  l im i te d  by th e  " fa ith fu ln e s s "  o f th e  s im u la tio n s , is  q u ite  
d i f f i c u l t  to  im plem ent, and makes v e ry  heavy demands on th e  computer 
memory and t im e .
4 .9 .3  S c a tte r  C o rre c tio n  By D econvo lu tion
In  s c a t te r  c o r re c t io n  o f images by d eco n vo lu tio n  [Axelsson e t  a l ,
1984] th e  assum ption is  made th a t  th e  s c a t te r  component b lu rs  th e  image 
o f th e  p rim ary  photons in  a co n stan t and p re d ic ta b le  manner. The n a tu re  
o f t h is  b lu r r in g  is  determ ined by imaging a l in e  source in  a s c a tte r in g  
medium. Axelsson e t  a l .  have showed th a t  th e  b lu r r in g  fu n c tio n  fo r  
s u p e r f ic ia l  and deep r a d io a c t iv i t y  d i f f e r  a p p re c ia b ly , so an average  
b lu r r in g  fu n c t io n  is  used. The s c a t te r  component is  removed from th e  
images by deconvolving  them w ith  th e  fu n c t io n . T h is  approach would be 
expected  to  work reasonably w e l l .  In  s itu a t io n s  w ith  a prom inent 
component o f s u p e r f ic ia l  a c t i v i t y ,  as in  l i v e r  im aging, i t  would le a d  to  
an a r t i f a c t u a l  " o v e r -c o rre c t io n "  fo r  s c a t te r .
4 .9 .4  S c a tte r  Window Method
In  t h is  method th e  s c a t te r  component is  measured d i r e c t ly  as th e  
o b je c t  image is  a c q u ire d . T h is  is  done by c o l le c t in g  a sep ara te  image in  
a s c a t te r  window a t  th e  same tim e th a t  an image is  being c o lle c te d  in  th e
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p rim a ry  window. The reasonab le  assumption is  made th a t  th e  even ts  
d e te c te d  in  th e  (lo w er energy) s c a t te r  window a re  r e la te d  t o  th e  s c a t te r  
component o f th e  even ts  d e te c te d  in  th e  fu l l -e n e r g y  peak window by a 
co n s ta n t fa c to r  K. The v a lu e  o f K is  approx im ate ly  0 .5  in  a t y p ic a l  
im aging s i tu a t io n  [Jaszczak e t  a l ,  1 9 8 4 ). The procedure is  to  c o l le c t  
th e  d a ta  in  sep ara te  f u l l - e n e r g y  peak and s c a t te r  windows; s u b tra c tin g  
th e  s c a t te r  counts , w eighted  by a fa c to r  o f 0 .5 ,  from th e  fu l l -e n e r g y  
peak counts; and a p p ly in g  a t te n u a t io n  c o rre c tio n s  to  th e  re s u lt in g  d a ta  
using  th e  c o rre c t  a t te n u a t io n  c o e f f ic ie n t  v a lu e . T h is  method y ie ld s  an 
a c c u ra te  c o rre c t io n  fo r  Compton s c a t te r  w ith  improved le s io n  c o n tra s t and 
edge sharpness, and p e rm its  q u a n t i f ic a t io n  o f th e  r a d io a c t iv i t y  
d is t r ib u t io n .  T h is  approach appears to  be a p r a c t ic a l  s o lu t io n  o f th e  
s c a t te r  problem , b u t i t  re q u ire s  a d u a l-en erg y  d e te c tio n  c a p a b i l i t y ,  and 
i t  w i l l  double th e  com putation  tim e ; however th e  d a ta  a c q u is it io n  tim e  
w i l l  n o t in c re a s e . On th e  o th e r hand i f  d u a l-en erg y  d e te c tio n  f a c i l i t y  
i s  n o t a v a ila b le  th en  th e  s c a t te r  da ta  is  c o lle c te d  in  a second scan 
keeping  th e  same scan param eters a t  th e  expense o f increased  d a ta  
a c q u is it io n  tim e . T h is  method fo r  Compton s c a t te r  c o r re c t io n  in  SPECT 
was used by th e  au thor and is  d escrib ed  in  chapter 6 .
In  t h is  chapter v a r io u s  re c o n s tru c tio n  techniques and th e  compensation  
fo r  s o l id  a n g le , in s c a t t e r ,  and a t te n u a t io n ,  techn iques have been 
d iscu ssed . The m e r its  and d em erits  o f th e  d i f f e r e n t  compensation  
tech n iq u es  w i l l  be d iscussed in  ch ap te r 6 o f th is  th e s is .
CHAPTER 5
SPECT SCANNER CHARACTERISTICS
5.1 INTRODUCTION
W ith a m ed ica l CT scan n er, th e  p ro je c t io n  da ta  fo r  th e  p a t ie n t  is  
o b ta in ed  by r o ta t in g  th e  source and d e te c to r assembly around th e  
s ta t io n a ry  p a t ie n t .  T h is  i s  m ech an ica lly  cumbersome t o  im plem ent and 
p a r t ly  accounts fo r  th e  h ig h  co st o f th e  commercial CT scanners . For 
m obile  inan im ate  o b je c ts  t h is  is  unnecessary. The s im p le s t in s tru m en t  
fo r  computed tra n s v e rs e  s e c t io n  tomography o f inan im ate  o b je c ts  is  th e  
r e c t i l in e a r  scanner which moves th e  sample back and f o r t h ,  across th e  
ra d ia t io n  beam w h ile  keeping th e  source and d e te c to r  s ta tio n a ry ?  t h is  is  
rep ea ted  a f t e r  r o ta t in g  th e  o b je c t  through a sm all ang le  u n t i l  s u f f ic ie n t  
a n g u la r d a ta  a re  c o l le c te d  f o r  a re c o n s tru c tio n , as po ineered  by Kuhl and 
Edwards [1 9 6 3 ]. The work in  t h is  th e s is  under SPECT in c lu d e s  the  
m o d if ic a t io n  fo r  em ission  s tu d ie s  o f  th e  e x is t in g  r e c t i l in e a r  gamma-ray 
scanner, developed and used fo r  tran sm iss io n  s tu d ies  by p rev io u s  w orkers  
in  th e  Physics Departm ent a t  S u rrey  U n iv e rs ity  [F o s te r , 1981? F o lk a rd , 
1 9 8 3 ] . The perform ance and a p p lic a t io n s  o f th e  tran sm iss io n  scanner has 
been rep o rted  in  s e v e ra l p u b lic a t io n s  [G ilboy e t  a l ,  1982; G ilb o y , 1984; 
Reim ers e t  a l ,  1984? MacCuaig e t  a l ,  1 9 8 5 ].
H ie  m o d ific a tio n s  t o  th e  tra n s m is s io n  scanner were made to  c o n v e rt i t  
in t o  a v ia b le  em iss ion  scannig  d ev ice  w h ile  re ta in in g  i t s  tra n s m is s io n  
mode c a p a b i l i t y .  F ig u re s  5 .1  (a ) and (b) show th e  schem atic b lock
diagram  o f th e  tra n s m is s io n  and em ission scanning systems re s p e c t iv e ly .  
The scanner in  i t s  p re s e n t form  has th e  c a p a b il i ty  to  perform  th e  two 
modes o f o p e ra tio n  by m in im al a l t e r a t io n  to  th e  s e t-u p . T h is  enab les  th e  
SPECT system t o  a c q u ire  th e  a t te n u a tio n  c o e f f ic ie n t  v a lu es  by an 
a d d it io n a l tra n s m is s io n  scan fo r  a tte n u a tio n  c o rre c t io n  purposes, as
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F ig u re  5 .1 ( a ) :  B lock diagram  o f tran sm iss io n  scanning system .
Figure 5.1(b): Block diagram of emission scanning system.
d e scrib ed  in  s e c tio n  4 .8 .2 .
The em ission scanner b a s ic a l ly  c o n s is ts  o f th e  fo llo w in g  f i v e  components.
(1) Scanner bed
(2) C o llim a to rs
(3) D e te c tio n  and counting  e le c tro n ic s
(4) E xp erim en ta l c o n tro l and d a ta  a c q u is it io n
(5) Image re c o n s tru c tio n  and d is p la y  u n i t .
In  SPECT systems o n ly  th e  d e te c to r  has to  be c o llim a te d  w h ile  in  
tra n s m is s io n  tomography th e  source as w e ll  as th e  d e te c to r  has to  be 
c o llim a te d  to  d e fin e  th e  ray  path  and to  reduce th e  s c a tte re d  ra d ia t io n s .  
I t  i s  m ech an ica lly  q u ite  d i f f i c u l t  to  move th e  d e te c to r -c o ll im a to r  
assem bly. A lso  th e  counts can not be taken  im m ed ia te ly  a f t e r  such an 
assembly is  h a lte d  because i t  may v ib r a te  fo r  some tim e  in  between th e  
ray-sum s. Movement o f bo th  th e  d e te c to r and th e  t e s t  o b je c t a re  
m inim ised  or t o t a l l y  e lim in a te d  by using a m u lt ip le  d e te c to r  a rra y  or a 
p o s it io n  s e n s it iv e  d e te c to r .  T h is  w i l l  a ls o  reduce th e  scanning tim e  
c o n s id e ra b ly .
5 .2  THE SCANNER BED
The scanner bed p ro v id e s  th e  two degrees o f  movement, ro ta t io n  and 
t r a n s la t io n ,  o f  th e  ra d io a c t iv e  o b je c t . I t  c o n s is ts  o f base, s l id in g  
assembly and th e  d e te c to r  s tan d . The l in e a r  s l id e  assembly c a r r ie s  a 
ro ta t in g  t u r n - ta b le  and l in e a r  and r o ta t io n a l  m otions a re  c o n tro lle d  by 
two stepp ing  motors (F ig . 5 .1 b ) .  The ra d io a c t iv e  o b je c t to  be scanned 
i s  p laced  on th e  t u r n - t a b le  which has i t s  p e r ip h e ry  marked o f f  in  
d eg rees . I t  i s  moved l in e a r ly  along an ex tru d ed  alum inium  fram e, 80cm 
lo n g , c o n tro lle d  by a s tep p in g  m otor. The s tepp ing  motor a t  one end o f  
th e  base fram e o p era tes  an accu ra te  le a d  screw o f 1mm p itc h  and th e  
r o ta t io n  o f th e  le a d  screw d r iv e s  th e  c a rr ia g e  a long th e  bed. Each pu lse
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d e liv e re d  to  th e  s tep p in g  motor ro ta te s  th e  screw by 1 /4 0 0  o f a 
re v o lu t io n , which is  e q u iv a le n t t o  a l in e a r  tra v e rs e  o f  2 .5  m icrons, th e  
minimum s te p  le n g th  o f th e  system.
The ro ta t in g  ta b le  is  a p re c is io n  aluminium c y l in d e r ,  o f 120mm d ia m e te r , 
w ith  a r o l l e r  b e a r in g . The minimum s te p  is  1 /1 0 0  o f a degree and i t s  
maximum speed is  9 degrees per second. The maximum p e rm is s ib le  lo a d in g  
i s  50kg. A microcom puter (BBC microcomputer model B) c o n tro ls  th e  
movement o f th e  tu r n - t a b le .  TTL p u lses from th e  m icroprocessor a re  
co n verted  to  c u rre n ts  in  th e  s tepp ing  m o to r's  c o i ls  by two sep ara te  d r iv e  
cards (D ig ip la n  SM D riv e  Type C D20), one fo r  each s tepp ing  m otor. The 
step p in g  motors and th e  d r iv e  cards use th e  same 24 V o lts  DC 7 A D ig ip la n  
power supply Module Type PM1200.
A rod w ith  an a d ju s ta b le  c o l la r  a t  e i t h e r  end runs th e  le n g th  o f th e  
fram e and c o n ta c t w ith  e ith e r  o f these c o l la r s  by th e  c a rr ia g e  o p erates  a 
m icrosw itch  which d is a b le s  th e  s tepp ing  m otor. T h is  is  a s a fe ty  fe a tu re  
to  ensure th a t  th e  s l id in g  assembly does n o t run onto  th e  end o f  the  
fram e , which cou ld  damage th e  le a d  screw . W ith  th e  c o l la r s  f i t t e d ,  th e  
maximum l in e a r  t r a v e r s e ,  i . e  th e  la r g e s t  o b je c t than  be scanned is  55cm. 
The com plete scanner in  em ission mode is  shown in  F ig u re  5 .2 .
5 .3  THE COLLIMATORS
T h is  p a r t  o f  th e  apparatus is  t o t a l l y  independent o f th e  scanner, 
and cou ld  be re p la c e d  by any o th e r c o ll im a to r  depending upon th e  energy  
o f r a d ia t io n .  Good c o ll im a t io n  is  re q u ire d  in  both  tra n s m is s io n  and 
em ission  tom ography. The c o ll im a t io n  in  SPECT r e l ie s  o n ly  on th e  
d e te c to r  c o ll im a to r  to  d e fin e  a narrow  acceptance cone d e fin in g  th e  
chosen ra y  p a th . Che o f th e  fa c to rs  th a t  enables a th re e  d im ensional 
o b je c t to  be re p resen ted  as a s e r ie s  o f two d im ensional image s l ic e s  is
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F i g u r e  5 . 2  S P E C T  s c a n n e r
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t h a t  th e  r a d ia t io n  th a t  a re  e i t h e r  e m itte d  from th e  o b je c t (ECT) or 
t ra v e rs e  through i t  (TXT) a re  recorded  in  such a way th a t  th e  th ic k n e s s  
o f th e  s l ic e  is  made as t h in  as p o s s ib le . The s l ic e  o f in te r e s t  is  
s e le c te d  by a d ju s tin g  th e  p o s it io n  o f  th e  c o llim a te d  d e te c to r .
The purpose o f th e  c o ll im a to r  i s  t o  l i m i t  th e  f i e l d  o f v iew  o f th e  
d e te c to r  by a d m ittin g  r a d ia t io n  o n ly  from th e  d e s ire d  re g io n . A w e l l  
c o llim a te d  d e te c to r  d e te c ts  o n ly  those photons which a r r iv e  from a 
p a r t ic u la r  re g io n  "seen" th rough  th e  c o ll im a to r  h o le . T h is  re s u lts  in  a 
marked decrease in  th e  amount o f d e te c te d  r a d ia t io n  re s u lt in g  in  reduced  
s e n s i t i v i t y ,  or increased  co u n tin g  t im e . D i f f e r e n t  types o f c o ll im a to rs  
w ere t r i e d  w ith  low and h ig h  energy scans. For low energy photons th e  
c o ll im a t io n  is  n o t much o f a  problem  b u t fo r  en erg ies  g re a te r  than  60keV  
th e  c o ll im a t io n  o f  th e  d e te c to r  as w e l l  as th e  s h ie ld in g  o f th e  source  
fo r  s a fe ty  o f th e  o th e r w orkers in  th e  la b o ra to ry  was a problem . A le a d  
w a l l  was b u i l t  w ith  le a d  b r ic k s  fo r  source s h ie ld in g . The d e te c to r  
c o ll im a to rs  used a re  shown in  F ig u re  5 .3 .  The sm all brass c o ll im a to rs  
w ere used fo r  la v  en e rg ie s  and th e  b ig  le a d  c o ll im a to r  was used fo r  
h ig h e r  energy sources. The b ig  le a d  c o ll im a to r  is  a two p a r t  c o l l im a to r ,  
a c o ll im a to r  h o ld e r and a c o ll im a to r  in s e r t  which f i t s  in to  th e  h o ld e r  
and can be rep laced  by an o th er c o l l im a to r .  The c o llim a to r  h o ld er i s  a 
ja c k e t  type w ith  an e x te n s io n  t o  cover th e  a c t iv e  le n g th  o f th e  d e te c to r .  
S e c tio n a l views o f th e  c o ll im a to r  and h o ld e r a re  shown in  F ig u re  5 .4 .
5 .4  DETECTION AND COUNTING ELECTRONICS
The d e te c tio n  and measurement o f  th e  r a d ia t io n  emerging from th e  
t e s t  sample forms th e  b a s is  o f  a l l  th e  im aging systems where io n is in g  
r a d ia t io n  is  th e  probe used t o  a c q u ire  th e  d a ta  fo r  image re c o n s tru c tio n .  
The d e te c tio n  and counting  u n i t  com prises th e  d e te c to r  and i t s  h ig h  
v o lta g e  su p p ly , an a m p li f ie r  to  a m p lify  th e  s ig n a ls  from th e  d e te c to r ,  a
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F i g u r e  5 . 3 :  T h e  c o l l i m a t o r s  u s e d
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s in g le  channel a n a ly s e r t o  s e le c t  th e  reg io n  o f  in t e r e s t  in  th e  energy  
spectrum , and a du a l c o u n te r /t im e r  to  count th e  p u lses  occuring  in  th e  
s e le c te d  energy re g io n  fo r  a  f ix e d  tim e .
5 .4 .1  The D e te c to r
In  gamma ra y  sp ec tro sco p y , above s e v e ra l hundred keV, th e re  a re  
r e a l ly  o n ly  th re e  d e te c to rs  which a re  w id e ly  used; th a ll iu m  a c t iv a te d  
Sodium Io d id e  ( N a l ( T l ) ) ,  L ith iu m  d r i f t e d  germanium (G e (L i) ) and , more 
r e c e n t ly ,  bismuth germ anate (BGO), (a lthough  Gooda [1987] has re c e n t ly  
dem onstrated th a t  C s I(T l )  c r y s ta ls  a re  a ls o  v e ry  p ra c t ic a b le  over th e  
range o f 60 -  6 62ke V ). Spectroscopy below these en e rg ie s  is  n o rm a lly  
c a r r ie d  out w ith  l i th iu m  d r i f t e d  s i l ic o n  ( S i ( L i ) ) ,  h igh  p u r i ty  germanium  
(HPGe) and b e ry lliu m  windowed N a l(T l)  de tectors?  a t  v e ry  low  e n e rg ie s  
gas f i l l e d  p ro p o r t io n a l co u n te rs  have been used [Sanders, 1 9 8 2 ] .  The 
cho ice  o f d e te c to r  fo r  a  p a r t ic u la r  a p p lic a t io n  a ls o  no rm ally  depends on 
th e  r e la t iv e  im portance o f energy re s o lu t io n  and e f f ic ie n c y .  
S c in t i l l a t io n  d e te c to rs  te n d  to  have h ig h er e f f ic ie n c ie s  due to  th e  
d e te c tin g  medium being  o f  h ig h er atom ic number and /or d e n s ity .  
Semiconductor d e te c to rs  how ever, have a ve ry  s u p e rio r energy re s o lu t io n  
and a re  used where th e  d is c r im in a t io n  between c lo s e ly  spaced gamma ra y  
e n e rg ie s  is  re q u ire d  .
Gamma rays in te r a c t  w ith  th e  d e te c to r  m a te r ia l through s e v e ra l d i f f e r e n t  
in te r a c t io n  processes (as d escrib ed  in  chapter 3 ) ,  tran s fo rm in g  t h e i r  
en erg ies  in to  l i g h t  p u ls e s  ( s c in t i l l a t o r s )  or e le c tro n -h o le  p a ir s  (s o l id  
s ta te  d e te c to r s ) . These even ts  a re  converted  in to  e le c t r ic a l  o u tp u t 
p u lses  from a l in e a r  a m p lif ie r?  th e  am plitude o f th ese  pulses is  u s u a lly  
d i r e c t ly  p ro p o r t io n a l t o  th e  energy o f th e  absorbed quantum and th e  p u lse  
h e ig h t spectrum can be measured w ith  a pu lse h e ig h t a n a ly s e r , o r m u lt i  
channel a n a ly s e r . The d is t r ib u t io n  o f pu lse  h e ig h ts  is  kncwn as th e
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gamma ray spectrum.
The d e te c to r  used w ith  th e  SPECT scanner c o n s is te d  o f  a c y l in d r ic a l  5cm 
by 5cm th a ll iu m  a c t iv a te d  sodium io d id e , N a l ( T l ) ,  c r y s t a l  h e rm e tic a lly  
s e a le d  a l l  round in  a t h in  w a lle d  alum inium  c o n ta in e r  w ith  a g la s s  window 
a t  one end w hich was o p t ic a l ly  coupled to  th e  photocathode o f an
end-window p h o to m u lt ip l ie r  tube (PMT).
The crysta l+PM T com bination  operates  in  th e  fo llo w in g  manner. The
v is ib le  l i g h t  i s  produced from r e c o i l  e le c tro n  in te r a c t io n s  in  th e
c r y s t a l .  The s c i n t i l l a t i o n  photons a re  tra n s p o rte d  t o  th e  end-window
p hoto -cathode o f th e  PMT, which is  coated  on th e  in s id e  w ith  a la y e r  o f
a l k a l i  m eta ls  w hich has th e  p ro p e rty  o f re le a s in g  an e le c tro n  when a
photon is  absorbed. These p h o to -e le c tro n s  a re  a c c e le ra te d  by an
e le c t r o s t a t ic  f i e l d  t o  th e  n ex t e le c tro d e  c a lle d  a dynode. Upon s t r ik in g
th e  dynode, more e le c tro n s  a re  re le a s e d  from a secondary e le c tro n
e m it t in g  c o a tin g  and these in  tu rn  a re  a c c e le ra te d  t o  fu r th e r  dynodes
where even more e le c tro n s  a re  produced. T h is  co m b in atio n  o f a l i g h t
s e n s it iv e  p ho to -cathode  w ith  an e le c tro n  m u l t ip l ie r  r e s u lts  in  th e  name
8
p h o to m u lt ip l ie r . F in a l ly  as many as 10 e le c tro n s  can be produced fra n  
one e le c tro n  a r r iv in g  a t  th e  f i r s t  dynode. The p u lse  o f  e le c tro n s  a t  th e
anode charges up anode cap ac itan ce  to  form an o u tp u t p u ls e . T h is  s ig n a l
i s  p ro p o r t io n a l t o  th e  energy o f th e  incoming photon absorbed by th e  
c r y s ta l  because th e  number o f e le c tro n s  produced in  th e  PMT is  
p ro p o r t io n a l to  th e  amount o f l ig h t  produced in  th e  c r y s t a l ,  which in  
tu r n  i s  p ro p o r t io n a l t o  th e  energy dep o s ited  in  th e  s c i n t i l l a t o r  by th e  
incom ing photon .
The h ig h  b ia s  v o lta g e  re q u ire d  by th e  p h o to m u lt ip lie r  tube  is  su p p lied  by 
a N u c lear E n te rp r is e  (NE) 4701 h igh v o lta g e  supply in  a  s in g le  w id th  NIM 
module s lo t te d  in t o  a Beni B in  c r a te .  The B eni B in  c ra te  p rov ides  th e  
low  v o lta g e  s u p p lie s  to  a l l  th e  e le c tro n ic  modules housed in  i t .
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5.4.2 Efficiency and Energy Resolution of Nal(Tl) Detector
I t  is  im p o rta n t in  any tom ographic system th a t  th e  d e te c tio n  
e f f ic ie n c y  be h igh  to  a llo w  reasonab le  s t a t i s t i c a l  accuracy and to  
m in im ise  th e  scan t im e . In  a d d it io n ,  in  m edical use, th e  r a d io a c t iv i t y  
employed is  l im ite d  by dose c o n s id e ra tio n s , so i t  is  im p o rtan t to  use th e  
e m itte d  r a d ia t io n  as e f f i c i e n t l y  as p o s s ib le . The d e te c tio n  e f f ic ie n c y  
depends on th e  in te r a c t io n  c ro s s -s e c tio n  o f th e  atoms o f th e  d e te c tin g  
m a te r ia l  a t  th e  photon energy under in v e s t ig a t io n . Id e a l ly  an ou tp u t  
p u ls e  would be produced fo r  every  in te r a c t io n  t h a t  takes  p lace  in  th e  
a c t iv e  volume o f a d e te c to r .  However, w h ils t  t h is  is  p o s s ib le  w ith  
charged  p a r t ic le s ,  th e  more p e n e tra t in g  ra d ia t io n s  such as gamma-rays and 
n e u tro n s  must undergo s ig n i f ic a n t  in te ra c t io n s  in  o rd er to  produce a 
d e te c ta b le  pu lse  and can t r a v e l  la rg e  d is tan ces  between in te r a c t io n s ,  
th e r e fo r e  th e  detectors a re  r a r e ly  100% e f f i c i e n t .
The d e te c to r  e f f ic ie n c y  can be describ ed  in  two ways; ab s o lu te  
e f f ic ie n c y  and i n t r in s ic  e f f ic ie n c y .  The ab so lu te  e f f ic ie n c y ,  E (a b ) , is  
d e f in e d  as:
T o ta l number o f counts recorded
E(ab) = - (5 .1 )
T o ta l number o f photons e m itte d  by source
and i s  dependent on d e te c to r  p ro p e r t ie s  and counting  geometry 
I n t r i n s i c  e f f ic ie n c y ,  E ( i n t ) , is  d e fin e d  as:
T o ta l nuber o f counts recorded
E ( in t )  = (5 .2 )
T o ta l number o f photons in c id e n t  on d e te c to r
and is  re la te d  to  th e  a b s o lu te  e f f ic ie n c y  by:
E(int) = E(ab). (4Tf/-0-) (5.3)
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where -CX is the solid angle of the detector seen from the source
p o s it io n .
The more u s e fu l and commonly rep o rted  e f f ic ie n c y  is  th e  in t r in s ic  
fu l l -e n e r g y  peak e f f i c ie n c y ,  E ( i p ) , and d e fin e d  ass
S ince  th e  d e te c to r  i s  t o  be used fo r  th e  d e te c tio n  o f  a  c o llim a te d  beam 
o f ra d ia t io n ,  th e  i n t r i n s i c  e f f ic ie n c y  is  th e  most u s e fu l to  know. By 
u sing  a s tandard  source th e  i n t r i n s i c  e f f ic ie n c y  can be determ ined  by;
where S is  th e  number o f  photons o f  p a r t ic u la r  energy e m itte d  d u rin g  th e  
measurorient p e r io d , N is  th e  number o f photons recorded in  th e  as s o c ia te d  
f u l l  energy peak and -C X  i s  th e  s o l id  angle ( in  s te ra d ia n s ) subtended by 
th e  d e te c to r a t  th e  source and can be found by in te g ra t in g  over th e  
d e te c to r  face  as:
where R is  th e  d is ta n c e  between source and a su rface  e lem ent dA, and © is  
th e  ang le  between i t s  norm al and th e  source d ir e c t io n .  T h is  assumes t h a t  
th e  d e te c to r dim ensions a re  s m a ll as compared to  th e  s o u rc e -to -d e te c to r  
sp ac in g . For th e  common case o f  a  p o in t  source lo c a te d  along th e  a x is  o f  
a r ig h t  c i r c u la r  c y l in d r ic a l  d e te c to r  (F ig u re  5 . 5 ) ,  -C X  i s g iv e n  by;
R
= 2 (1 -  — —  ) (5 .7 )
2 2 1/2 
(R + a )
where a is the radius of the detector and R  is the mean distance between
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T o ta l counts in  th e  fu l l -e n e r g y  peak o f energy E
E ( ip )  = (5 .4 )
T o ta l number o f  photons o f  energy E in c id e n t  on d e te c to r
E ( ip )  = 4T X K /S .-n - (5 .5 )
cos©
2
dA (5 .6 )
R
dF ig u re  5 .5 :  R e p re s e n ta tio n  o f  s o l id  an g le  subtended by th e  d e te c to r
a t  th e  source.
F ig u re  5 .6 ;  D e f in i t io n  o f  th e  d e te c to r  re s o lu t io n .
th e  source and a p o in t  in s id e  th e  d e te c to r  c r y s ta l  where th e  in te r a c t io n  
ta k e s  p la c e  i . e  R = d+x, where x is  th e  mean depth o f  in te r a c t io n  in  th e  
c r y s t a l .  For R » a ,  th e  s o l id  a n g le  reduces to  d e te c to r  p lane  f r o n t a l  
a re a  v is ib le  a t  source d iv id e d  by th e  square o f the  d is ta n c e .  
T h e re fo re ,
2
Ad T f r~n~ = (5 .8 )  
2 2 
R R
Now th e  e f f e c t iv e  a c t i v i t y ,  A, o f th e  source in  term s o f photon o u tp u t a t  
th e  tim e  o f measurement is  g iven  by;
A = Ao .P .e x p [H 3 .6 9 3 t / (T ) ]  (5 .9 )
w here Aq is  th e  a c t i v i t y  a t  th e  tim e  o f source c a l ib r a t io n ,  T i s  th e  
h a l f - l i f e ,  t  is  th e  tim e  e lap sed  s in ce  c a l ib r a t io n  and P is  th e  number o f  
photons per d is in te g r a t io n .  The in t r in s ic  fu l l - e n e r g y  e f f ic ie n c y  can be 
w r i t t e n  as :
2N
E (ip )        _ -----------------  (5 .1 0 )
2 2 1/2
A . t . P . e x p [ - 0 . 6 9 3 t / ( T ) ] [ l - $ / ( R  +a ) ]Q
and fo r  R » a
2
4N.R
E ( i p ) =       (5 .1 1 )
2
a.A o . t .P .e x p [ - 0 .6 9 3 t / ( T )  ]
Another im p o rtan t param eter which c o n tro ls  th e  cho ice  o f d e te c to r  fo r  
p a r t ic u la r  a p p lic a t io n  is  th e  energy re s o lu t io n  o f th e  d e te c to r . I t  can 
be d e fin e d  as th e  a b i l i t y  to  re s o lv e  th e  d i f f e r e n t  peaks o f  s im i la r  
e n e rg ie s . I t  is  c o n v e n tio n a lly  expressed in  term s o f f u l l - w id t h  a t  
half-m axim um  (FWHM) o f  th e  n e a r ly  Gaussian response to  a m onoenergetic
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Figure 5.8: Intrinsic efficiency of Nal(Tl) versus photon energy.
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input divided by the location of the peak centroid, Ho (Figure 5.6).
TWO peaks w i l l  be re s o lv e d  i f  th ey  a re  sep ara ted  by more than  th e  
d e te c to r  FWHM. A good energy re s o lu t io n  a llo w s  a s m a lle r  energy window 
to  be s e t  which w i l l  reduce th e  c o n tr ib u t io n  o f th e  background continuum  
to  th e  t o t a l  count r a te .
The energy re s o lu t io n  and th e  in t r in s ic  fu l l -e n e r g y  peak e f f ic ie n c y  o f  
th e  N a l(T l )  d e te c to r  used a re  shown in  F ig u res  5 .7  and 5 .8  re s p e c t iv e ly .  
I t  i s  c le a r  from th e  f ig u re s  th a t  fo r  low  e n e rg ie s  th e  d e te c to r  is  more 
e f f i c i e n t  b u t has poorer re s o lu t io n  and fo r  h igh  en erg ies  th e  d e te c to r  
has b e t te r  re s o lu t io n  b u t is  le s s  e f f i c i e n t .  T h e re fo re , when s e le c t in g  a 
source and d e te c to r  fo r  a p a r t ic u la r  a p p l ic a t io n ,  th e  re s o lu t io n  and 
e f f ic ie n c y  o f th e  d e te c to r  fo r  th a t  energy must be kept in  m ind.
There  a re  a number o f p o te n t ia l  sources o f f lu c tu a t io n  in  th e  response o f  
a g iv e n  d e te c to r  which r e s u lt  in  im p e rfe c t energy re s o lu t io n  and peak 
e f f ic ie n c y .  These in c lu d e  any d r i f t  in  th e  o p e ra tin g  c h a r a c te r is t ic s  o f  
th e  d e te c to r  d u rin g  th e  course o f measurements, sources o f random no ise  
w ith in  th e  d e te c to r  and th e  coupled e le c t r o n ic s ,  and th e  s t a t i s t i c a l  
n o is e  a r is in g  from th e  d is c re te  n a tu re  o f th e  measured s ig n a l i t s e l f .  In  
a w ide c a te g o ry  o f  d e te c to r  a p p lic a t io n s , th e  s t a t i s t i c a l  no ise  is  th e  
dom inant source o f f lu c tu a t io n  in  th e  s ig n a l and thus s e ts  an im p o rta n t  
l i m i t  on th e  d e te c to r  perform ance.
5 .4 .3  S p a t ia l  R e s o lu tio n
The s p a t ia l  re s o lu t io n  is  d e fin e d  q u a l i t a t iv e ly  as th e  c a p a b i l i t y  
o f th e  system to  d is t in g u is h  f in e  d e t a i ls  in  th e  image. A q u a n t ita t iv e  
d e f in i t io n  in tro d u c e s  th e  l i n e  spread fu n c t io n , (L S F ), d e scrib ed  in  
s e c t io n  4 .7 .  The s p a t ia l  re s o lu t io n  o b ta in e d  by an im aging system
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depends on th e  e f f e c t iv e  beam s iz e ,  which i s  a  fu n c tio n  o f th e  source and 
d e te c to r  c o ll im a to r  dim ensions and a ls o  th e  d a ta  sam pling frequency .
The s p a t ia l  re s o lu t io n  o f  th e  d e te c to r  is  determ ined by th e  typ e  o f  
c o ll im a to r  used. In  our experim ents  a t  low  e n e rg ie s , fo r  example fo r  
Am-241 and 1 -1 2 5 , th e  r e p la c e a b le  c i r c u la r  and s l i t  b rass c o llim a to rs  
w ere used and fo r  h ig h e r e n e rg ie s  (Tc-99m , Cs-134 and Cs-137) th e  s l i t  
shaped and c ir c u la r  le a d  c o ll im a to rs  were used. These c o llim a to rs  were  
f i t t e d  in s id e  a ja c k e t  which s h ie ld e d  th e  s e n s it iv e  reg ions o f  th e  
d e te c to r ,
A few  i n i t i a l  te s ts  were c a r r ie d  o u t using c o llim a to rs  o f d i f f e r e n t
d ia m e te r and le n g th . The source used was a Cs-137 source c o llim a te d  down 
2 ,
t o  lmm a t  a d is ta n c e  o f 75mm from th e  s u rfa c e  o f th e  d e te c to r  c o ll im a to r .  
For th e  h igh  p o s it io n in g  accuracy th e  scan c o n tro l program (described  in  
s e c t io n  5 .5 )  was used ju s t  fo r  one p r o je c t io n .  The counts in  th e  662 keV 
f u l l - e n e r g y  peak^counted fo r  60 seconds f ix e d  t im e . Response curves from  
th e s e  l in e  scans were o b ta in ed  and th e  s p a t ia l  re s o lu t io n  o f the  system  
was c a lc u la te d  from th e  EWHM o f th e  cu rv e s . A lso th e  s ig n a l- to -n o is e  
r a t i o  fo r  each c o ll im a to r  le n g th  was c a lc u la te d  and compared, ta b le  5 .1  
shows th e  e f f e c t  o f c o ll im a to r  le n g th  in  reducing th e  f r a c t io n  o f photons  
t ra n s m it te d  through th e  s u rfa c e  o f  th e  c o ll im a to r ,  o th e r than  th e  
c o ll im a to r  h o le , to  th e  d e te c to r .  The response fu n c tio n s  o f th e  
c o ll im a te d  d e te c to r  fo r  c o ll im a to r  o f  d i f f e r e n t  s iz e  and le n g th  a re  shown 
in  F ig u re s  5 .9  to  5 .1 1 .
The F ig u re  5 .9  shows th e  p o in t  spread fu n c t io n  (PSF) fo r  a 1mm d iam eter  
and 30mm long c o ll im a to r  w h ile  F ig u re  5 .1 0  shows th e  PSF o f a 2mm 
d ia m e te r and 40mm long c o ll im a to r  fo r  th e  same d e te c to r . The 
s ig n a l-to -b a c k g ro u n d  r a t io  i s  improved in  th e  l a t t e r  case. The 
background is  due to  th e  d e te c t io n  o f s c a tte re d  and tra n s m itte d  photons  
th ro u g h  th e  f r o n t  and s id es  o f th e  c o ll im a to r  (as th e  shoulder in  F ig u re  
5 .9 )  and in c re a s in g  th e  le n g th  o f th e  c o ll im a to r  reduces th e  number o f
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0F ig u re  5
DISTANCE ACROSS THE DETECTOR FACE (MM)
9 : The p o in t  spread fu n c t io n  fo r  1mm d iam ete r and 30mm long
c o ll im a to r  w ith  N a l(T l)  d e te c to r  a t  75mm away from th e  
c o llim a to r  s u rfa c e .
16 32 48 6 4 80
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DISTANCE ACROSS THE DETECTOR FACE (MM)
F ig u re  5 .10s  th e  p o in t  spread  fu n c t io n  fo r  2mm d iam eter and 45mm long  
c o ll im a to r  w ith  N a l(T l )  d e te c to r  a t  75mm away from th e  
c o llim a to r  s u r fa c e .
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DISTANCE ACROSS THE DETECTOR PACE (MM)
F ig u re  5 .11s P o in t spread fu n c t io n  fo r  th e  4mm d iam eter and 45mm long  
c o llim a to r  w ith  N a l(T l )  d e te c to r  a t  75mm away from th e  
c o llim a to r  s u r fa c e .
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(C o llim a to r  s iz e l  
1 (mm) |
l --------  |
C o llim a to r  le n g th  
(rrart)
S p a t ia l  R e s o lu tio n  
FWHM (mm)
S ig n a l/N o is e |  
r a t i o  |
I 1 
1 1 .0 0  1 3 0 .0  +  0 .5 4 .0  ±  0 .2 5 1 .7 6  |
1 2 .0 0  | 3 0 .0  + 0 .5 4 .5  ± 0 .2 5 3 .1 0  |
1 4 .0 0  | 3 0 .0  ±  0 .5 6 . 0 + 0 . 2 5 5 .2 0  (
I 1 .0 0  | 4 5 .0  + 0 .5 3 .0  + 0 .2 5 2 .6 6  !
1 2 .0 0  | 4 5 .0  i  0 .5 4 .0  + 0 .2 5 5 .7 0  |
1 4 .0 0  | 4 5 .0  ±  0 .5 5 .5  ±  0 .2 5 7 .8 0  |
T a b le  5 .1s  S p a t ia l  r e s o lu t io n  and s ig n a l- to -n o is e  r a t io  fo r  d i f f e r e n t  
c o ll im a to r s .
tra n s m itte d  photons and so th e  s ig n a l- to -b a c  kg round r a t io  im proves. A lso  
in  th e  l a t t e r  case th e  s ig n a l-to -b a c k g ro u n d  r a t io  improves due to  th e  
b ig g e r c o ll im a to r  h o le  s iz e  g iv e s  an increase  in  th e  re q u ire d  s ig n a l  
w h ile  th e  a re a  exposed t o  th e  unwanted s ig n a ls  rem ains c o n s ta n t. F ig u re  
5 .1 1  shows th e  p o in t  spread  fu n c t io n  fo r  th e  4mm d iam eter and 45mm long  
c o l l im a to r .  The s ig n a l-to -b a c k g ro u n d  r a t io  is  even la r g e r  than  in  F ig u re  
5 .1 0 .
A s p a t ia l  response curve  fo r  th e  N a l(T l)  d e te c to r is  shown in  F ig u re  5 .1 2  
which was o b ta in e d  by scanning th e  u n co llim ated  d e te c to r  w ith  a  
c o llim a te d  p o in t  source o f C s -1 3 7 . The d ip  in  th e  c e n tr a l  re g io n  is  
p ro b ab ly  due to  in c re a s e d  d e a d -la y e r  th ickn ess  in  th e  m idd le  o f th e  f r o n t  
fa c e  o f th e  N a l(T l)  c r y s t a l .
In  m ed ical ECT th e  re q u ire m e n t o f  good s p a t ia l  r e s o lu t io n  is  le s s  
demanding than  t h a t  o f  TCT. TCT d e a ls  w ith  anatomy and s t ru c tu re  which
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Figure 5.12s Spatial response of sodium iodide detector.
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re q u ire s  good s p a t ia l  re s o lu t io n  over th e  whole o b je c t w h ile  ECT 
in v e s t ig a te s  th e  p h ys io lo g y  and k in e t ic s  and in v o lv e s  th e  d e te c tio n  o f 
th e  presence or absence o f th e  r a d io a c t iv i t y  in  a c e r ta in  reg io n  which is  
u s u a lly  w e ll  d e fin e d  in  advance. A s p a t ia l  r e s o lu t io n  o f  5mm rep resen ts  
th e  b es t ECT re s o lu t io n  a t ta in e d  in  c u rre n t m ed ica l p ra c t ic e  compared 
w ith  Clmm image re s o lu t io n  in  TCT. A lthough in  some in d u s t r ia l  
a p p l ic a t io n s ( f is s io n  product d is t r ib u t io n  in  n u c le a r  fu e l  elem ents) very  
h ig h  re s o lu t io n  has been ach ieved  (<<lmm) due t o  v e ry  h igh  source 
s tre n g th s  th a t  a re  a v a i la b le  in  some cases.
5 .4 .4  The A m p lif ie r
A s in g le  w id th  NIM module ORTEC 571 s p e c tro s c o p ic  a m p l i f ie r ,  w ith  
v e r s a t i le  sw itch  s e le c ta b le  pu lse  shaping and o u tp u t c h a r a c te r is t ic s ,  was 
used . The s ig n a ls  from th e  PMT anode were fe d  d i r e c t ly  in to  th e  
a m p l i f ie r  in p u t .  The a m p li f ie r  fe a tu re s  e x trem e ly  low noise (8  m icro  
v o l t s  re fe re d  t o  th e  in p u t using 2 microseconds shaping tim e and ga in  > 
1 0 0 ) ,  wide g a in  range (c o n tin u o u s ly  a d ju s ta b le  from 1 to  1 5 0 0 ) , good 
o v e rlo a d  response and v e ry  h igh  count ra te  c a p a b i l i l t y .  I t  p rovides  
sym m etrica l Gaussian p u lse  shaping on a l l  ranges. The pu lse p i le -u p  
e f f e c t  s ta r t s  to  become s ig n i f ic a n t  fo r  count ra te s  in  excess o f  20000 
/s e c o n d , b u t i t  i s  n e g l ig ib le  in  our case because th e  sources used fo r  
SPECT purposes were n o t v e ry  a c t iv e  and th e  count r a te  was much below  
t h is  l i m i t .
5 .4 .5  S in g le  Channel A na lyser
An ORTEC 550 s in g le  w id th  NIM module s in g le  channel an a lyser (SCA) 
was used in  o rd er to  count o n ly  those pulses occu rin g  in  th e  fu l l -e n e r g y  
peak o r th e  re g io n  o f  in t e r e s t .  The pu lses from th e  a m p lif ie r  a re  fed  to
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th e  SCA where th ey  a re  s o r te d , accord ing  t o  s iz e  o f th e  p u ls e , in to  th re e  
groups by two v o lta g e  th re s h o ld s . Three ou tputs  a re  a v a i la b le ,  one from  
each group, and o n ly  th o se  pu lses  f a l l i n g  between th e  two th re s h o ld s , 
which is  c a lle d  th e  en erg y  window, were recorded .
The SCA accepts e i t h e r  p o s it iv e  u n ip o la r  or b ip o la r  in p u t pu lses from  
l in e a r  a m p lif ie r?  i t  examines th e  in p u t pu lses  according to  t h e i r
am p litudes and g e n e ra te s  a p p ro p r ia te  p o s it iv e  lo g ic  ou tpu t p u lses  
s e p a ra te ly  fo r  SCA, lo w er le v e l  d is c r im in a to r  (L ID ) and upper le v e l  
d is c r im in a to r  (OLD) responses. The O rtec  550 SCA has th re e  modes o f  
o p e ra tio n  namely? an in t e g r a l  mode, normal mode and window mode, and 
th e y  can be s e le c te d  by a to g g le  s w itc h . There a re  two te n - tu r n  
p o te n tio m e te rs  fo r  s e t t in g  up th e  window. The one marked w ith  LLD s e ts  
th e  low er energy th re s h o ld  and th e  o th er can be used fo r  s e t t in g  th e  
upper energy th re s h o ld  o r to  d e fin e  th e  window w id th . In  th is  mode th e  
upper energy th re s h o ld  i s  equal to  th e  v a lu e  s e t  by th e  LLD p lu s  th e  
window w id th . To s e le c t  a  window th e  two th re s h o ld s  a re  s e t on e i th e r  
s id e  o f th e  fu l l - e n e r g y  peak (o r th e  re g io n  o f  in te r e s t )  and o u tp u t
p u lses  w ith in  th e  window a re  counted . The window can be s e t  up v e ry  
c o n v e n ie n tly  using th e  SCA o u tp u t to  ga te  an MCA. The SCA co u ld  be
re p la c e d  by an MCA, b u t s in ce  th e  S C A /co u n ter-tim er com bination was
a lre a d y  in te r fa c e d  w ith  th e  scanner system t h is  was used in s te a d .
5 .4 .6  Dual C o u n ter/T im er
A s in g le  w id th  NIM module Canberra Model 2071A du a l c o u n te r /t im e r  
was used w ith  th e  system . The p o s it iv e  lo g ic  pu lses  from th e  SCA were  
fe d  t o  i t .  The s c a le r  u n i t  has g o t two e ig h t  decade co u n te rs , a c r y s ta l  
c o n tro lle d  o s c i l la t o r  and p re s e t t in g  lo g ic .  I t  can be used as a p re s e t  
tim e  and even t c o u n te r , which is  a p p lic a b le  to  both th e  tran sm iss io n  and 
em ission  scanning , o r as a p re s e t  even t co u n ter and t im e r ,  which is
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s u ita b le  o n ly  fo r  tra n s m is s io n  scanning . T h is  d u a l c o u n te r /t im e r  device  
g iv e s  th e  scanner th e  c a p a b i l i ty  to  perform  in  e i t h e r  em ission or 
tra n s m is s io n  mode by s im p ly  f l ic k in g  a s w itc h .
The f r o n t  p an e l c o n tro ls  a re  used t o  s e t  th e  system fo r  a transm iss ion
scan o r em ission  scan . The two in p u t connectors a re  marked w ith  "A -IN -B "
s ig n ify in g  th e  in p u t A and in p u t B . The th r e e -p o s it io n  to g g le  sw itch
marked w ith  "0.01SEC COOMTB 0.01M IN " s e le c ts  p re s e t  fu n c t io n  as tim e or B
in p u t  e v e n ts . When tim e  is  s e le c te d  channel A counts e x te rn a l events and
when COUNTB is  s e le c te d , channel A counts tim e  in  increm ents o f 0 .0 1
seconds. The "DISPLAY SELECT" sw itch  is  a  tw o -p o s it io n  to g g le  sw itch
w hich s e le c ts  th e  channel A or channel B co n ten ts  fo r  d is p la y  on th e  s ix
d i g i t  l iq u id  c r y s t a l  d is p la y  (LCD). The LCD in c lu d e s  e ig h t  annunciators
w hich d e s c rib e  th e  d is p la y  and dynamic s ta te  o f  th e  u n i t .  A th r e e - d ig i t
P
thumbwheel s w itc h  fo r  channel B p re s e t ,  la b e l le d  as "PRESET N M X10 " , 
s e ts  th e  a b s o lu te  v a lu e  o f th e  s e le c te d  p re s e t fu n c t io n . The "M" se ts  
u n i t s ,  "N" s e ts  te n s , and "P" s e ts  th e  power o f 10 by which NM is  
m u lt ip l ie d .
In  our case th e  p re s e t  tim e  and even t counter o p tio n  was s e le c te d  and th e  
d i f f e r e n t i a l  SCA was used fo r  em ission scanning , and p re s e t count and 
t im e  re c o rd in g  o p tio n  was used fo r  tra n s m is s io n  scann ing .
a
5 .5  EXPERIMENTAL CONTROL AND DATA AQUISITION
The c o n tro l o f th e  experim ent i s  ach ieved  by us ing  a BBC model B 
m icrocom puter. F iv e  l in e s  a re  re q u ire d  to  f u l l y  c o n tro l th e  experim ent, 
one fo r  each s tep p in g  m otor, one to  d e fin e  th e  l in e a r  motor d ire c t io n  and 
two t o  th e  c o u n te r /t im e r  fo r  c a rry  and re s e t  p u ls e s . The dual
c o u n te r /t im e r  has a g e n e ra l purpose in te r fa c e  bus (GPIB) o p tio n . The 
GPIB l in k s  th e  co u n tin g  module in t o  th e  IEEE s tan d ard  communication 
n e tw o rk , i . e  t o  th e  m icrocomputer v ia  an IEEE c o n t r o l le r .  The c o n tr o l le r
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manages bus communications p r im a r i ly  by d ir e c t in g  or commanding which  
d e v ic e  has to  send d a ta  to  o th e r d ev ices  ( t a l k e r ) , o r rece ive s  d a ta  from  
o th e r  devices ( l is t e n e r )  d u rin g  an o p e ra tio n a l sequence. H ie  c o n t r o l le r  
may a ls o  be in te r ru p te d  o r i t  may command s p e c if ic  a c tio n  between  
d e v ic e s . As a l is t e n e r  th e  in te r fa c e  re c e iv e s  s t a r t ,  s top and readout 
commands from th e  c o n t r o l le r .  As a t a lk e r  i t  s u p p lie s  i t s  accum ulated  
d a ta  to  a p e r ip h e ra l d e v ic e . H ie  m icrocomputer has i t s  own keyboard, a 
c o m p atib le  d is k  d r iv e  and IEEE c o n t r o l le r .  For v is u a l d is p la y  a 
M ic ro v ite c  Cub c o lo u r v is u a l  d is p la y  u n i t  (VDU) was used.
H ie  scanner has re c e n t ly  been updated w ith  a H e w le tt Packard (HP) 9836C 
m icrocom puter th a t  has i t s  own c o lo u r VDU.
5 .5 .1  H ie  E xp erim en ta l Procedure
F i r s t  th e  ra d io a c t iv e  o b je c t t o  be scanned is  p laced  on th e  
tu r n - t a b le  and a s u ita b le  c o ll im a to r  is  f i t t e d  to  th e  d e te c to r . H ie  
d e te c to r  is  then  a lig n e d  w ith  th e  o b je c t  on th e  tu r n - ta b le  so t h a t  th e  
c o ll im a to r  h o le  is  in  l i n e  w ith  th e  s e c tio n  o f th e  o b je c t to  be scanned. 
H ie  PMT h igh  v o lta g e  a n d /o r a m p l i f ie r  g a in  i s  then  ad ju s ted  to  g ive  
s u ita b le  ou tpu t pu lses  and th e  d e s ire d  fu l l - e n e r g y  peak (or any o th er  
re g io n  o f i n t e r e s t ,  fo r  example th e  s c a t te r  re g io n ) is  windowed by using  
th e  SCA. The counting  tim e  fo r  each ray-sum has to  s e t  be fo re  s ta r t in g  
th e  scan . The micocomputer is  th en  loaded  w ith  th e  em ission scan c o n tro l  
program , which has been w r i t t e n  and s to re d  on a flo p p y  d is k . When th is  
program is  loaded i t  g iv e s  th e  fo llo w in g  o p tio n  l i s t :
1 . Average d a ta  v a lu e s  no m otion
2 .  I n i t i a l i s e  scan param eters
3 . Move scanner bed
4 . S t a r t  scan
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5 .  D isk  and d a ta  h a n d lin g
6 .  End o f  program .
O p tio n  1 is  a p p lic a b le  t o  th e  tran sm iss io n  scanning whereby f ix e d  
d e te c to r  counts and a t im e r  is  used, and t h is  c a lc u la te s  th e  th e  o v e r a l l  
tim e  taken  by fo r  th e  w hole scan t o  be completed g iven  th e  f ix e d  counts .
O p tio n  2 enables th e  i n i t i a l i s a t i o n  o f th e  scanning param eters and i t  
asks th e  va lu es  o f th e  fo llo w in g  parameters?
In p u t s te p  le n g th  (mm)
In p u t number o f  s tep s
In p u t a n g u la r spacing  (degrees)
180 or 360 degrees r o ta t io n  
In p u t scan re fe re n c e  number 
In p u t scan t i t l e  
Are d e t a i ls  c o r re c t  ?
The dimensions o f  th e  r a d io a c t iv e  o b je c t to  be scanned and th e  d e te c to r  
c o llim a to r  s iz e  c o n tro ls  th e  choice o f these param eters . The 360 degrees  
r o ta t io n  is  fo r  em iss io n  scanning because co n ju g ate  p ro je c t io n s  a re  
needed fo r  s o l id  a n g le  and a t te n u a t io n  compensation purposes.
O p tio n  3 (move scanner bed) is  used fo r  the  a lignm ent o f th e  ra d io a c t iv e  
o b je c t .  Under t h is  o p tio n  th e  s l id in g  assembly can be moved l in e a r ly  
e i th e r  to  th e  l e f t  o r to  th e  r ig h t ,  and th e  tu r n - ta b le  can be ro ta te d  
through any a n g le .
The o p tio n  4 is  chosen t o  s t a r t  th e  scan a f t e r  s e t t in g  a l l  th e  
p aram eters . A f te r  t h is  o p tio n  is  in i t i a t e d  th e  whole o p e ra tio n  is  
autom ated. The t u r n - t a b le  w i l l  f i r s t  ro ta te  by an amount s p e c if ie d  by 
th e  angu lar spacing and i t  w i l l  t r a n s la te  by a d is ta n c e  s p e c if ie d  by th e
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s te p  le n g th . The counts fo r  th e  tim e  s e le c te d  a re  then  accum ulated. At 
th e  end o f  th e  f ix e d  t im e , each v a lu e  o f th e  ray-sum is  read  from th e  
co u n ter A and s to re d  in  th e  microcomputer memory as w e ll as being  
d is p la y e d  g r a p h ic a l ly  on th e  VDU screen . The microcomputer then  
in s t r u c ts  th e  l in e a r  s tepp ing  motor c o n t r o l le r  to  move th e  tu r n - ta b le  to  
th e  n e x t p o s it io n  and counts a re  ag a in  accum ulated. T h is  o p e ra tio n  is  
re p e a te d  u n t i l  th e  end o f th e  f i r s t  p r o je c t io n .  The d a ta  fo r  the  
com plete p ro je c t io n  is  then  t ra n s fe r re d  from th e  microcomputer memory to  
th e  f lo p p y  d is k  and in  th e  meantime th e  ro ta ry  s tepp ing  motor c o n tr o lle r  
re c e iv e s  a command t o  r o ta te  th e  tu r n - ta b le  to  beg in  th e  n ex t p ro je c t io n .  
The whole process is  rep ea ted  u n t i l  a l l  th e  p ro je c t io n s  a re  com pleted.
The scan d a ta  is  h e ld  on th e  f lo p p y  d is k  a t  th e  end o f th e  la s t  
p r o je c t io n .  O p tio n  5 is  th en  s e le c te d  to  t r a n s fe r  th e  d a ta  to  main frame 
PRIME com puter. The fo llo w in g  o p tio n s  a re  a v a i la b le  under th is  o p tio n :
1 .  Dump d a ta  to  PRIME
2 .  C a ta lo g  d isks
3 . D e le te  f i l e s
4 .  Compact d is k  d a ta
5 .  R etu rn  t o  main header
The f i r s t  o p tio n  is  chosen to  t r a n s fe r  th e  d a ta  from th e  flo p p y  d is k  to  
PRIME a t  th e  s p e c if ie d  baud r a t e .  Norm ally th e  d a ta  a re  s to re d  in  th e  
m ain fram e PRIME computer fo r  easy access and a l t e r n a t e ly ,  th e  d a ta  can 
be s to re d  on th e  d is k  which re q u ire * them to  be compacted to  a llo w  more 
memory space fo r  fu r th e r  scan and th e y  a re  a ls o  cata logued  fo r  easy 
re fe re n c e  acco rd in g  t o  th e  scan numbers. A f te r  t h is  th e  o p tio n  5 re tu rn s  
back t o  th e  main o p tio n s  l i s t .
5.6 IMAGE RECONSTRUCTION AND DISPLAY
T h is  p a r t  o f th e  SPECT system c o n s is ts  o f  a computer s u ita b le  fo r  
runn ing  la rg e  programs and i t s  a s s o c ia te d  so ftw a re  in c lu d in g  f i l e  
h a n d lin g  fo r  the  p ro je c t io n  d a ta  and re c o n s tru c tio n  d a ta , and an image 
a n a ly s is  package which is  accessed v ia  a 16 le v e l  g re y -s c a le  Sigma 5674 
v is u a l  d is p la y  te rm in a l.  A C otron  m onitor equiped w ith  camera fo r  
copying  images onto a 35 mm f i lm  or P o la ro id  is  connected in  p a r a l le l  
w ith  th e  g re y -s c a le  te rm in a l.
5 .6 .1  PRIMENET and MUM
A l l  th e  work o f  image re c o n s tru c tio n  and a n a ly s is  was done on th e  
S u rre y  U n iv e rs ity 's  netw ork o f  PRIME computers (PRIMENET). The PRIMENET 
c o n s is ts  o f  th re e  PRIME 7 5 0 , one PRIME 950 and one PRIME 550 com puters, 
a l l  o p e ra tin g  independently  a lthough  l in k s  e x is t  between them. A PRIME 
550 m u lt i-u s e r -m in i (MUM) computer has been p rov ided  by th e  SERC. The 
MUM has 550 kbytes o f co re  and has a one-way l in k  w ith  PRIMENET.
The MUM has been used fo r  most o f th e  p rocessing  and storage o f th e  
p ro je c t io n s  and images. The t im e -s h a r in g  f a c i l i t y  o f th e  PRIMENET makes 
th e  image re c o n s tru c tio n  and d is p la y  process v e ry  slow when many users  
a re  us ing  th e  computers. T h is  was one o f th e  reasons fo r  o p ting  fo r  th e  
HP-9836C m inicom puter. W ith  t h is  machine i t  is  p o s s ib le  to  perform  
re c o n s tru c tio n  and d is p la y  in  a d d it io n  t o  c o n tr o ll in g  th e  whole scanning  
p ro c e d u re . T h is  has made th e  scanner s e t-u p  co m p le te ly  p o r ta b le . The 
HP-9836C is  a 1 6 - b i t  system based on th e  M68000 m icroprocessor. The 
com plete system c o n s is ts  o f  two 512k d is k  d r iv e s  and a 590 X 312 p ix e ls  
16 le v e ls  (g rey  or c o lo u r) VDU and a p r in t e r .
5.6.2 Image Reconstruction Programms
The development o f th e  re c o n s tru c tio n  and d is p la y  program fo r  
tra n s m is s io n  tomography is  d e s c rib e d  a t  len g th  by F o s te r [1981] and w i l l  
be e x p la in e d  h ere  o n ly  b r i e f l y .
The d a ta  tra n s fe r re d  from flo p p y  d is k  to  th e  MUM a re  processed by a 
s im p le  FORTRAN program t h a t  converts  th e  counts from th e  dual
c o u n te r /t im e r  in to  ray-sum s accord ing  t o  eq u atio n  4 .6 ,  and fo rm ats  i t  fo r  
a n a ly s is  by SN ARK-75 .
SNARK-75 is  an in t e r a c t iv e  program , w r it te n  in  FORTRAN, developed by 
Herman e t  a l  [1975] a t  th e  S ta te  U n iv e rs ity  o f New York and has been 
im plem ented on PRIME. I t  can be considered to  c o n s is t o f th re e  p a r ts
namely? d a ta  in p u t ,  re c o n s tru c tio n , and image a n a ly s is . S e v e ra l
re c o n s tru c tio n  a lg o rith m s  l i k e  ART, SIRT and c o n v o lu tio n  (d escrib ed  in  
c h a p te r 4) w ith  a cho ice  o f f i l t e r  fu n c tio n s  a re  a v a i la b le  in  SNARK-75. 
The re c o n s tru c tio n  program used fo r  SPECT image re c o n s tru c tio n  uses a 
c o n v o lu tio n  f i l t e r e d  b a c k -p ro je c t io n  w ith  th e  Bracewell/Ram achandran  
f i l t e r .  The reason fo r  choosing t h is  a lg o rith m  is  t h a t  i t  uses le s s  
computer tim e as compared to  ART and SIRT. An e q u iv a le n t ART
re c o n s tru c tio n  program re q u ire s  2 to  5 tim es as much and SIRT 5 to  15 
tiroes lo n g er computing t im e  [Herman and Rowland, 1 9 7 3 ] .
When d a ta  has been processed SNARK c re a te s  two f i l e s ,  a p r o je c t io n  f i l e  
and a re c o n s tru c tio n  f i l e  w hich c o n ta in  da ta  about th e  p ro je c t io n  and 
re c o n s tru c tio n  r e s p e c t iv e ly .  Programs fo r  decay c o rre c t io n  fo r  s h o rt  
l i v e d  iso topes  such as Tc~99m, s c a t te r  c o rre c tio n  and a tte n u a t io n  were 
w r i t t e n  s e p a ra te ly , and were used to  c o rre c t  th e  p ro je c t io n  d a ta  p r io r  to  
fe e d in g  in to  SNARK. These programs a re  w r it te n  in  FORTRAN-77 and s to re d  
on th e  PRIME.
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Another s e t  o f re c o n s tru c tio n  a lg o rith m s , c a l le d  'RECLBL1, o b ta in ed  from 
th e  Donner L ab o ra to ry  U n iv e rs ity  o f C a l i fo r n ia  [Huesman e t  a l  , 1977] has 
been implemented on th e  PRIME by th e  a u th o r. RECLBL is  a l ib r a r y  o f 
co m p u ta tio n a l s u b ro u tin es  fo r  d i f f e r e n t  re c o n s tru c tio n  a lg o rith m s , 
s u ita b le  fo r  em ission and tra n s m is s io n  tomography. The subrou tines are  
w r i t t e n  in  FORTRAN (ANSI s ta n d a rd )„ The RECLBL l ib r a r y  a p p lie s  to  data  
t h a t  re p re s e n t th e  p r o je c t io n  o f d e n s ity  along p a r a l l e l  or d iv e rg e n t sets  
o f s t r a ig h t - l in e  paths (ra y s ) through th e  o b je c t .  The a lg o rith m  
tran s fo rm s  one-d im ensional p ro je c t io n s  from m u lt ip le  ang les  around the  
o b je c t  to  a corresponding  tra n s v e rs e  s e c tio n  through th e  o b je c t .  
T h ree -d im en s io n a l in fo rm a tio n  is  ob atin ed  by s ta c k in g  successive  
tra n s v e rs e  s e c tio n s . S ince RECLBL is  a c o l le c t io n  o f s u b ro u tin e s , the  
u s e r must p ro v id e  a program th a t  perform s such fu n c tio n s  as: s e t
p aram eters  th a t  d e f in e  th e  geometry as w e ll  as determ ine c o n tro l 
o p e ra tio n s  w ith in  th e  l i b r a r y ,  c a l l  d is p la y  ro u tin e  o f th e  l ib r a r y ,  and 
save re s u lts  i f  d e s ire d . In  a d d it io n  th e  user must p ro v id e  a subroutine  
f o r  th e  d a ta  in p u t . A b lo ck  diagram o f th e  s tru c tu re  o f th e  RECLBL 
l i b r a r y  is  g iven  in  F ig u re  5 .1 3 .  The i t e r a t i v e  g ra d ie n t and conjugate  
g ra d ie n t  re c o n s tru c tio n  techn iques  have been used fo r  s im u la ted  and re a l  
scan d a ta . R econstructed  images a re  p lo t te d  using  th e  o v e rp r in tin g  
f a c i l i t y  o f th e  l in e  p r in t e r  w ith  PRIME com puters.
5 .6 .3  Image D is p la y  and A n a ly s is
N orm ally  th e  images a re  d is p la y e d  on a Sigma 5674 1 6 - le v e l  grey  
s c a le  te rm in a l p ro v id ed  by th e  Science and E n g in eerin g  Research C ouncil 
(SERC). A C otron m onitor equiped w ith  camera fo r  copying images on a 
35mm f i lm  or P o la ro id , is  connected in  p a r a l le l  to  th e  Sigma te rm in a l.  A 
re c e n t  a d d it io n  t o  i t  is  th e  co lo u r m onitor o f HP-9836C m icrocom puter. 
For image d is p la y  using th e  RECLBL programs th e  o v e rp r in t in g  f a c i l i t y  o f 
th e  l in e  p r in te r  w ith  th e  PRIMENET was used. By o v e rp r in t in g  c e r ta in
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Figure 5.13s Block diagram of the structure of the RECLBL library.
alphanum eric c h a ra c te rs  a  'pseudo g re y -s c a le ' is  g en erated  but th e  
c o n tra s t  o f such a method i s  p o o r, making f in e  s tru c tu re s  hard to  see .
The images can be d is p la y e d  on th e  Sigma te rm in a l by re p la c in g  th e
alphanum eric c h a ra c te rs  by th e  g rey  le v e ls .
The d is p la y  and a n a ly s is  o f  im ages, re c o n s tru c te d  using  SNARK-75 is  
perform ed by th e  com puterised  image a n a ly s is  (CIA) program . C IA  is  an 
in te r a c t iv e  program , developed by F oster [1 9 8 1 ] , t h a t  p rov ides  a wide 
range o f d is p la y  and a n a ly s is  f a c i l i t i e s .  I t  reads in  th e  p ro je c t io n  and 
re c o n s tru c tio n  f i l e s  c re a te d  by SNARK and d is p la y s  th e  images in  few
seconds. The package is  a ls o  capab le  o f windowing th e  image to  d is p la y  
th e  fe a tu re s  o f in t e r e s t ,  p roducing  histogram s o f th e  a t te n u a t io n  v a lu e s , 
a llo w in g  en largm ent o f th e  d a ta , d is p la y in g  l in e  s e c tio n s  and p ro je c t io n s  
as w e l l  as p ro v id in g  q u a n t i t a t iv e  s t a t i s t i c a l  in fo rm a tio n  about th e  
re c o n s tru c tio n . Is o m e tr ic  th re e -d im e n s io n a l d is p la y  and contour g raph ics  
o p tio n s  have re c e n t ly  been added t o  th e  o p tio n  l i s t  o f th e  C IA .
5 .7  GAMMA-RAY SOURCES USED FOR SPECT
Em ission im aging i s  concerned w ith  th e  re p re s e n ta t io n  , o f an 
in te r n a l  th re e -d im e n s io n a l d is t r ib u t io n  o f a c t i v i t y  by e x te rn a l d e te c t io n  
o f th e  in t e r n a l ly  e m itte d  r a d ia t io n s .  In  SPECT, as th e  name suggests, 
th e  d e te c tio n  o f s in g le  photons is  c a r r ie d  out and in  th is  study th e  
d e te c t io n  o f gamma-rays and c h a r a te r is t ic  X -ra y s  was c a r r ie d  o u t. -
Gamma-rays a re  produced as th e  by-product o f a n u c le a r decay by th e  
d e -e x c ita t io n  o f e x c ite d  s ta te s  o f  n u c le i a f t e r  n u c le a r re a c tio n s . A 
ra d io a c t iv e  nucleus may decay by one o f th e  s e v e ra l ways namely; 
spontaneous em iss io n , a lp h a  em iss io n , beta-m inus em iss io n , b e ta -p lu s  
em iss io n , e le c tro n  c a p tu re , o r iso m eric  t r a n s i t io n  w ith  th e  em ission o f 
gamma-rays o n ly . The decay o f  a nucleus g e n e ra lly  re s u lts  in  th e
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em iss io n  o f some k in d  o f r a d ia t io n s  and th e  daughter nucleus may be 
e i t h e r  s ta b le  o r r a d io a c t iv e .
The s e le c t io n  o f  a ra d io n u c lid e  fo r  a p a r t ic u la r  a p p l ic a t io n  is  governed 
by v a r io u s  fa c to r s .  For n u c le a r m edicine purposes th e  fo llo w in g  
c h a r a c te r is t ic s  o f  a ra d io n u c lid e  a re  d e s ira b le  [M e t t le r  J r .  and 
G u ib e rte a u , 1 9 8 3 ]:
(a ) Minimum o f p a r t ic u la t e  em ission
(b ) P rim ary  photon  energy between 50 and 500 keV
(c ) p h y s ic a l h a l f - l i f e  g re a te r  than  th e  tim e  re q u ire d  to  prepare  
m a te r ia l  fo r  in je c t io n
(d ) E f fe c t iv e  b io lo g ic a l  h a l f - l i f e  g re a te r  than  th e  exam ination  tim e
(e ) S u ita b le  chem ica l form and r e a c t iv i t y
( f )  Chem ical s t a b i l i t y  o r near s t a b i l i t y  o f th e  p ro d u c t.
In  n u c le a r  in d u s tr y ,  th e  gamma-rays a re  b y -p ro d u cts  o f  n u c le a r re a c tio n s  
t h a t  u s u a lly  ta k e  p la c e  in  a n u c le a r re a c to r  c o re . I r r a d ia te d  o b je c ts  in  
a n e u tro n  f lu x  a r is in g  from n eu tron  a c t iv a t io n  a n a ly s is  o r as components 
o f th e  re a c to r  c o re  a re  id e a l s u b je c ts  fo r  in v e s t ig a t in g  th e  d is t r ib u t io n  
o f th e  induced a c t i v i t y .  An obvious case is  th e  d is t r ib u t io n  o f f is s io n  
p ro d u cts  in s id e  f u e l  rods [Davies e t  a l ,  1 9 8 6 ].
5 .7 .1  Technetium~99m
Tc-99m in  ammonium p erte c h n a te  s o lu t io n  was used fo r  SPECT images. 
I t  e m its  1 4 0 .5  keV photons and is  th e  most p o p u la r ra d io is o to p e  in  
n u c le a r  m ed ic in e . Tc-99m has a 6 hours h a l f - l i f e  and i t  decys through  
is o m e ric  t r a n s i t io n s  e m it t in g  2 .2  keV (9 8 .6 % ), 1 4 0 .5  keV (98.6%) and
1 4 2 .7  keV (1 .4 % ). The iso m eric  decay is  a process in  which th e  nucleus  
s im p ly  changes from  a  h ig h e r to  a low er energy le v e l  by e m itt in g  a photon
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and th e  daughter nucleus rem ains th e  same chem ical elem ent as th e  
o r ig in a l  n u c leu s .
The Tc-99m source fo r  em ission  scanning was o b ta in ed  from S t .  L u ke 's
H o s p ita l in  G u ild fo rd . O nly a l im i te d  source s tre n g th  is  a llow ed  in  th e
U n iv e rs ity  due to  th e  in te r n a l  s a fe ty  re g u la t io n s . Due to  i t s  s h o rt
h a l f - l i f e  th e  em ission  scans can n o t be done p ro p e r ly  a f t e r  a few days.
The con cen tra ted  source was d i lu t e d  in  th e  r a d ia t io n  la b o ra to ry  o f th e
P hysics Departm ent and d i f f e r e n t  samples were made fo r  scanning. Because
o f i t s  s h o rt h a l f - l i f e ,  c a r e fu l  p la n n in g  is  necessary to  ensure no tim e
is  wasted b e fo re  scanning s t a r t s .  A decay c o r re c t io n  has to  be made to
th e  p ro je c t io n  d a ta  p r io r  to  re c o n s tru c tio n  s in c e  th e  tim e taken  by a
scan is  o fte n  lo n g er th an  th e  h a l f - l i f e  o f th e  source. The decay
tc o r re c t io n  program accouns fo r  th e  tim e  lo s t  b e fo re  th e  scanning s t a r t s ,  
and a ls o  fo r  counting  tim e  fo r  each ray-sum , tim e  between ray-sums 
measurements, and tim e  between p ro je c t io n s  using  th e  p ub lished  h a l f - l i f e  
fo r  th e  iso to p e  in  q u e s tio n .
5 .7 .2  Io d in e -1 2 5
Io d in e -1 2 5  is  a low  energy source which decays through e le c tro n  
c a p tu re . I t  em its  35 keV{7%) gamma-rayr and 2 7 -32  keV (138%) t e l le r iu m  K 
X -ra y s  w ith  a h a l f - l i f e  o f 60 days . T h is  source was obta ined  from th e  
B io ch em is try  Departm ent and th e  o r ig in a l  source s tre n g th  was IroCi in  1m l. 
I t  was d ilu te d  to  make 200 ml o f th e  s o lu t io n  by adding d e m in e ra lis e d  
w a te r . The v o l a t i l i s a t io n  o f th e  io d in e  is  th e  s ig n if ic a n t  problem w ith  
t h is  source. Sim ply opening a v i a l  o f  sodium io d id e  a t  h igh ra d io a c t iv e  
c o n c e n tra tio n  can cause m inute d ro p le ts  o f  up to  74 BQ to  become a i r  
b o rn . Three samples o f d i f f e r e n t  c o n c e n tra tio n s  and d i f f e r e n t  a c t i v i t y  
were a ls o  made in  s m a ll v ia ls  fo r  s p a t ia l  re s o lu t io n  t e s t s .  The 
c o n c e n tra tio n  fo r  th e  success ive  scans were v a r ie d  and a t  th e  end a l l
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were mixed in  a 200 ml s o lu t io n  in  a p la s t ic  b o t t le  o f 50 mm d ia m e te r. 
The decay c o r re c t io n  program was used fo r  lo n g er scans. D e ta i ls  o f  th e  
samples and th e  re s u lts  a re  shown and discussed in  th e  n ex t c h a p te r .
5 .7 .3  Caesium -137
The Cs-137 has a h a l f - l i f e  o f 30 years  and i t  decays through  
beta -m inus  em ission  t o  B a-137 which is  a s ta b le  is o to p e . In  93.5% o f  
b e t a - t r a n s it io n s  th e  662keV le v e l  in  Ba-137m (2 .55m in ) is  popu lated  which  
decays to  g iv e  th e  662keV gamma-ray. T h is  source was o b ta in ed  from th e  
R a d ia t io n  L ab o ra to ry  in  th e  Physics D epartm ent. Caesium c h lo r id e  
s o lu t io n  in  w a te r was used in  a p la s t ic  b o t t le .  Due to  i t s  h igh  energy  
th e  d e te c to r  c o ll im a t io n  and th e  s h ie ld in g  o f  th e  source is  th e  m ajor 
problem . D i f f e r e n t  samples in  sm all p la s t ic  v ia ls  were made fo r  
scann ing . The d e t a i ls  o f  th e  samples and th e  re s u lts  a re  g iv e n  in  th e  
n e x t c h a p te r .
5 .7 .4  T e lle riu m -123 m
Te-123m has a h a l f - l i f e  o f 119 days and em its  90 keV and 159 keV 
photons. Due t o  i t s  159 keV gamma-ray em ission i t  is  an id e a l source fo r  
n u c le a r  m ed ic ine t e s t  purposes because i t  is  v e ry  c lo se  to  th e  140 keV 
photons from  Tc-99m . Because i t  has much lo n g er h a l f - l i f e  than  Tc-99m i t  
was v e ry  u s e fu l fo r  te s t in g  th e  em ission  scanner perform ance fo r  Tc-99m  
b u t using 159 keV photons. T h is  source was a cq u ired  by a p rev io u s  w orker 
in  th e  m idd le  o f 1982 and by th e  tim e th e  em ission  scanner was f u l l y  
o p e ra tio n a l th e  source was to o  weak to  o b ta in  a good s t a t i s t i c a l  image. 
N ev e rth e le s s  both  th e  gamma-rays were u t i l i s e d  fo r  scanning and th e  
r e s u lts  a re  shown in  th e  n e x t c h a p te r .
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A p a rt from  th e  above m entioned so u rces , a mixed enrgy l iq u id  source  
c o n ta in in g  C s-134 , C e-144 and Ru-106 ra d io is to p e s , was a ls o  used. A t th e  
t im e  o f use, on ly  th e  lo n g e r l iv e d  Cs-134 iso to p e  was p resen t u n t i l  a
u s e fu l a c t i v i t y .  A ttem pts were made t o  do th e  em ission scan o f  th is
<2-
m ixed energy source, c o n ta in ed  in  a 13cm d iam etr p la s t ic  b o t t le ,  by using  
C s-134  peaks a t  604keV and 796 keV. But u n fo rtu n a te ly  th e  source was so 
weak t h a t  i t  could n o t g iv e  good s t a t i s t i c a l  images.
5 .7 .5  S ea led  Sources
S ealed  sources were a ls o  used t o  t e s t  th e  perform ance o f th e  SPECT 
sca n n e r. These in c lu d e  k ry p to n -8 5  gas con ta ined  in  a perspex screw , 
c o b a lt -5 7  embedded in  a s te e l  c o l l im a to r ,  am ericium -241 and barium -133  
s ta n d a rd  gamma-ray p o in t  sources. The en erg ies  used fo r  em ission scans 
w ere 514 keV photons from K r -8 5 , 122 keV from C o -57 , 5 9 .6  keV from
Am -241, 278 keV and 303 keV photons from  B a-133 . The re s u lts  o f these  
scans a re  g iven  in  th e  n e x t c h a p te r .
In  t h is  chap ter th e  d i f f e r e n t  components o f  th e  SPECT scanner has been 
d iscu ssed  in c lu d in g  th e  cho ice  o f c o ll im a to rs  and d e te c to r  perform ance  
( e f f ic ie n c y ,  energy and s p a t ia l  r e s o lu t io n ) . The re s u lts  from th e  SPECT 
scanner along w ith  th e  c o rre c t io n s  fo r  s o l id  a n g le , in s c a t te r ,  h a l f - l i f e  
and a t te n u a t io n , w i l l  be p resen ted  in  th e  nex t c h a p te r.
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CHAPTER 6
SPECTs EXPERIMENTAL RESULTS AND DISCUSSIONS
6.1 INTRODUCTION
Em ission tomography maps th e  tw o -d im ensiona l r a d io a c t iv i t y  w ith in  
th e  scanned o b je c t .  The typ e  o f in fo rm a tio n  th a t  is  p ro v id e d  by a 
tom ographic scan has p o t e n t ia l ly  a w ide range o f a p p lic a t io n s  both  in  
m edic ine and in  in d u s try ,  such as th e  lo c a l is a t io n  o f a ra d io a c t iv e  
source in s id e  th e  body, to  determ ine  th e  depth o f an organ by measuring  
th e  emerging r a d ia t io n  from  th a t  organ a f t e r  a d m in is te r in g  a ra d io n u c lid e  
in  th e  body, or c rack  and v o id  d e te c t io n  in  e n g in e e rin g  s t ru c tu re s , or 
b u rn -u p  s tu d ie s  o f  i r r a d ia t e d  f u e l  rods from a n u c le a r re a c to r  e tc  e tc .
S ince  th e  e a r ly  work in  em iss ion  tomography [Anger, 1968? Kuhl and 
Edwards, 1963] n u c le a r  m ed icine has developed in  two complementary 
d ire c t io n s ?  v iz  p o s itro n  em iss io n  tomography (PET) and SPECT. PET works
on th e  d e te c tio n  o f th e  c o in c id e n t a n n ih i la t io n  r a d ia t io n
£from  p o s itro n  e m it te r s .  PET systems have th e  advantage o f e x c i t i n g  
p h y s io lo g ic a lly  im p o rta n t ra d io n u c lid e s  such as O i l ,  N -13 , 0 -1 5  and 
F -1 8 . However most s h o r t - l iv e d  p o s it ro n  e m itt in g  ra d io n u c lid e s  p re s e n tly  
in  use can o n ly  be produced w ith  expensive  o n -s ite  p a r t ic le  a c c e le ra to rs .  
SPECT has th e  p r a c t ic a l  advantage o f using com m ercia lly  a v a i la b le  
r  a d i op h arm aceu tica ls .
In  co n ven tio n a l em ission  tom ography, c o n c e n tra tio n  o f g iven  ra d io n u c lid e  
in  an organ occurs fo llo w in g  an in tra v e n o u s  a d m in is tra t io n  o f a s e le c te d  
ra d io p h a rm a c e u tic a l. The s p a t ia l  and tem poral d is t r ib u t io n  o f th is  
c o n c e n tra tio n  fu n c tio n  w ith in  an organ can p ro v id e  im p o rtan t in fo rm a tio n
concern ing  organ fu n c t io n  and p a th o l^ y .
A
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The developm ent o f  th e  em ission  scanner has been d escrib ed  in ^ la s t  
c h a p te r and in  t h is  c h a p te r th e  e x p e rim e n ta l re s u lts  from th e  SPECT 
scanner w i l l  be p resen ted  and d iscussed . A number o f scans were c a r r ie d  
o u t bo th  in  th e  tra n s m is s io n  and em ission mode. Most o f  th e  scans were 
c a r r ie d  o u t w ith  a  v iew  to  te s t in g  th e  scanner perform ance fo r  d i f f e r e n t  
s itu a t io n s ,  i . e .  fo r  p o in t  sources, a ra d io a c tiv e  gas and v a r io u s  
extended  sources in  l i q u id  and s o l id  form s.
A s e le c t io n  o f th e  images o b ta in ed  a re  d iscussed and in  some cases th e  
re c o n s tru c te d  d a ta  a re  q u a n t i t a t iv e ly  d is p la y e d  by means o f th e  l in e  
scans and ana lysed  using  th e  concept o f c o n tra s t in  th e  rec o n s tru c te d  
v i a l s .  S c a t te r ,  decay and a t te n u a t io n  c o rre c t io n s , where a p p lic a b le , a re  
a p p lie d  t o  th e  d a ta  and th e  r e s u lts  a re  shown fo r  un co rrec ted  and 
c o rre c te d  d a ta .
6 .2  IMAGE ANALYSIS
Image a n a ly s is  i s  fundam ental to  th e  f i e l d  o f im aging s in ce  th e  
purpose o f o b ta in in g  an im age, in  m edical or non-m edical a p p lic a t io n s , is  
t o  a c c u ra te ly  id e n t i f y  fe a tu re s  in  th e  o r ig in a l  o b je c t .  The in fo rm a tio n  
c o n te n t o f an image is  h ig h  and hence th e  process o f  e v a lu a tin g  and 
comparing images is  com plex. S u b je c tiv e  v is u a l in s p e c tio n  o f images can 
g iv e  reasonab le  q u a l i t a t iv e  re s u lts  due to  th e  e x c e l le n t  p a t te rn  
re c o g n it io n  a b i l i t i e s  o f th e  human eye . However, th e  human eye is  
in c a p a b le  o f d e te c t in g  s m a ll d if fe re n c e s  q u a n t i t a t iv e ly  and hence t h is  is  
im p o rta n t aspect o f  an im age, which forms th e  b a s is  o f o b je c t iv e  
a n a ly s is ,  is  absent in  th e  human v is u a l e v a lu a tio n  p ro cess .
The p r in c ip le  o f d e s c r ib in g  an in fo rm a tio n  t r a n s fe r  system in  term s o f  
i t s  response to  a s in u s o id a l in p u t fu n c tio n  was f i r s t  a p p lie d  in  
e le c t r o n ic  e n g in e e rin g  t o  an a lyse  communications systems and l a t e r  in  th e
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f i e l d  o f  o p tic s  and photography to  ana lyse  imaging systems in  term s o f  
t h e i r  s p a t ia l  frequency response. The in tro d u c tio n  o f t ra n s fe r  fu n c t io n  
a n a ly s is  techn iques in  ra d io g rap h y  in  o rder to  q u a n t i t a t iv e ly  e v a lu a te  
im aging systems began in  th e  e a r ly  1 9 6 0 's  [Rosemann e t  a l ,  1 9 6 4 ]. S ince  
th e n  both  th e  th e o r e t ic a l  and p r a c t ic a l  aspects o f i t s  a p p lic a t io n  in  
m e d ic a l imaging have been e x te n s iv e ly  developed [Rosemann, 1968 , 1969;
M etz and D o i, 1 9 7 9 ] . The u lt im a te  aim o f t ra n s fe r  fu n c tio n  a n a ly s is  is  
t o  c h a ra c te r is e  systems in  o rd er t h a t  th e  output re s u lt in g  from a known 
in p u t  can be p re d ic te d  and a ls o  to  enab le  in tercom parison  o f  system s. 
F i r s t l y  th e  g e n e ra lis e d  system is  d e fin e d  which in c o rp o ra te s  e v e ry  
component in v o lv e d  in  th e  p ro d u c tio n  o f an image from th e  o r ig in a l  
o b je c t ,  fo r  exam ple, in  SPECT t h is  in c lu d e s  th e  e f fe c ts  o f s c a tte r in g  o f  
p r im a ry  photons and a t te n u a t io n  w ith in  th e  o b je c t , th e  d e te c tio n  system  
response and th e  re c o n tru c tio n  p ro cess .
The q u a n t i ta t iv e  a n a ly s is  o f  th e  th e  in p u t and o u tp u t fu n c tio n s  o f
system s forms th e  b a s is  fo r  t r a n s fe r  fu n c tio n  a n a ly s is  tech n iq u es . Xn 
im aging system v a rio u s  typos  o f  in p u t fu n c tio n s  a re  employed, fo r  
exam ple, in  em ission im aging th e  response o f a system to  p o in t  and l in e  
so u rc e s , th a t  i s ,  th e  p o in t  and l i n e  spread fu n c tio n s , a re  f re q u e n t ly  
determ in ed  and u t i l i s e d  in  th e  c h a ra c te r is a t io n  o f systems. However, a 
more g e n e ra lis e d  approach i s  th e  q u a n t i ta t iv e  a n a ly s is  o f th e  s im p le  
o b je c ts  and t h e i r  correspond ing  images produced by systems using th e
concept o f m odulation and c o n tr a s t .
The d e f in i t io n  can be a p p lie d  to  any s i tu a ta t io n  where th e  d is t r ib u t io n  
p a t te r n  is  r e p e t i t iv e ,  such as in  s in u s o id a l d is t r ib u t io n s .  In  th e
g e n e ra lis e d  form , m odu lation  is  d e fin e d  as th e  am plitude o f  a
d is t r ib u t io n  d iv id e d  by th e  average va lu e  (eq u atio n  4 .5 1 ) .  The concept 
o f c o n tra s t  is  a g e n e ra lis e d  form  o f m odulation . Whereas m odu lation  
a p p lie s  to  c y c l ic  d is t r ib u t io n s ,  c o n tra s t can be a p p lie d  to  any ty p e  o f 
d is t r ib u t io n  and th e  c o n tra s t  o f  one re g io n  in  a d is t r ib u t io n  w ith
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The r a t io  o f th e  c o n tra s t  o f  th e  im age, C i,  to  th a t  o f  th e  o b je c t ,C o , can 
be used to  e v a lu a te  and compare im aging processes, i . e
respect to another is defined by equation 4.52.
T h e re fo re  q u a n t i ta t iv e  in fo rm a tio n  can be e x tra c te d  from th e  image by 
comparing th e  c o n tra s t  in  th e  d i f f e r e n t  regions w ith  th e  known a c t i v i t y  
re g io n . T h is  can be done by scanning a known a c t i v i t y  source w ith in  th e  
o b je c t  to  be scanned, and th e  a c t i v i t y  in  d i f f e r e n t  p a r ts  o f th e  o b je c t  
can be c a lc u la te d  by com parison. Another way to  g e t q u a n t i ta t iv e  
in fo rm a tio n  from th e  scanned o b je c t  i s  to  c a l ib r a te  th e  imaging system by 
scanning known a c t i v i t y  phantoms and t o  d e riv e  c a l ib r a t io n  curves fo r  
d i f f e r e n t  a c / t v i t i e s ,  photon e n e rg ie s  and scan param eters . Then th e  tru e  
a c t i v i t y  in  th e  scanned o b je c t  i s  determ ined from such c a l ib r a t io n  
c u rv e s .
A th re e -s o u rc e  phantom was p rep ared  by in je c t in g  5ml o f  Cs-137 s o lu t io n  
c o n ta in in ig  37 kBq, 74 kBq and 148 kBq in  th re e  perspex v ia ls  o f  d iam eter  
15mm, 20mm and 25mm d ia m e te rs , re s p e c t iv e ly . These th re e  sources were 
p la c e d  in  w ater in  a c o n ta in e r  o f d iam eter 76mm, and were scanned. The 
d e te c to r  c o ll im a to r  used was th e  b ig  ja c k e t  typ e  le a d  c o ll im a to r  o f  
dim ensions 1.5mm x 20mm. The scan param eters a re  g iv e n  below .
C i
C o n tra s t R a t io (6.1)
Co
Number o f  s te p s = 60
Number o f p ro je c t io n s  = 90 (over 360 degrees)
S tep  le n g th = 1 .5  mm
A ngular spacing ® 4 degrees
C ounting t im e  p e r ray  sum = 30 seconds
The re c o n s tru c te d  image o f  th e  phantom is  shown in  F ig u re  6 .1 (a )  and i t s
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phantom was w a te r c o n ta in in g  no a c t iv e  s o lu t io n  and, th e r e fo r e ,  th e  
c o n tra s t  o f  th e  a c t iv e  v ia ls  w ith  resp ec t to  th e  m a tr ix  i s  u n ity .  For 
t h is  reason one o f v ia ls  in  th e  phantom was s e le c te d  to  be th e  re fe re n c e  
v i a l  and th e  c o n tra s t fo r  each o f th e  o th er v ia ls  com prising th e  phantom 
was c a lc u la te d  w ith  re s p e c t to  th e  v i a l  using th e  e q u a tio n  4 ,5 2 .  The 
c o n tra s t  o f th e  re fe re n c e  v i a l  in  th e  reco n s tru c ted  image was c a lc u la te d  
w ith  re sp ec t to  th e  w a te r m a tr ix . The in te n s ity  v a lu e  fo r  w ater m a tr ix  
in  th e  re c o n s tru c te d  image is  n o t ze ro  which shows th a t  th e  
re c o n s tru c tio n  process is  n o t 100% a c c u ra te . T ab le  6 .1  shows th e  r e s u lts  
o f th e  c a lc u la t io n s  fo r  c o n tra s t  o f  th e  v ia ls  in  th e  phantom and in  th e
re c o n s tru c te d  image w ith  re s p e c t t o  v i a l  1 .
The c o n tra s t  in  th e  image can a ls o  be c a lc u la te d  from th e  3 -d im en s io n a l 
p lo t  o f th e  image as th e  z -a x is  o f  th e  f ig u r e  corresponds to  th e
b rig h tn e s s  o f th e  im age, i . e .  to  th e  a c t i v i t y  c o n c e n tra tio n  in  th e
im age. In  F ig u re  6 .2 (a )  th e  h e ig h ts  o f  th e  peaks corresponds to  th e
a c t i v i t y  in  th e  d i f f e r e n t  v i a l s .  The h e ig h t o f th e  peaks were measured 
and th e  v a lu e s  o f  th e  c o n tra s t  fo r  th e  two v ia ls  were c a lc u la te d  w ith  
re s p e c t to  th e  h e ig h t o f  th e  peak corresponding to  th e  re fe re n c e  v i a l .  
The re fe re n c e  v i a l  c o n tra s t was determ ined w ith  re sp ec t to  th e  base v a lu e  
o f th e  z - a x is .  The c a lc u la te d  v a lu e s  o f  c o n tra s t  from th e  3 -d im en s io n a l 
p l o t  a re  a ls o  shown in  T a b le  6 .1  and th ey  a re  q u ite  c lo s e  to  th e  va lu es  
c a lc u la te d  from th e  in te n s i ty  measurements from th e  VDU screen . T h is
means th a t  th e  q u a n t i ta t iv e  in fo rm a tio n  can be o b ta in ed  from th e
3 -d im e n s io n a l p lo ts  and th e  use o f th e  VDU g re y -s c a le  is  n o t necessary
fo r  th e  measurements.
M o th e r  phantom was p rep ared  by using  th e  same th re e  sources but p u tt in g  
them in  a l i n e  in  w a te r in  th e  same c o n ta in e r . The scan param eters were  
kepjt th e  same as fo r  th e  f i r s t  scan except th e  counting  tim e  fo r  each 
raysum was in c rease d  t o  60 seconds. T h is  phantom was scanned tw ic e ,
3-dimensional plot is shown in the Figure 6.2(a). The matrix of the
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F ig u r e  6 . 1  I m a g e s  o f  c o n t r a s t  p h a n t o m s .
1 8 3
Y AXIS *10
Z AXIS *10 
X AXIS *10
Y AXIS *10
Z AXIS *10 
X AXIS *10
Z AXIS *10
Y AXIS *10 X AXIS *10
Figure 6.2: Three-dimensional representation of the images in Figure 6.1
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Table 6.1
Contrast values from the image in Figure 6.1(a).
I V ia l  
I number 
1
A c t iv i t y  in  | 
v ia ls  j 
kBq/m l j
C o n tra s t in  I 
phantom j 
1
C o n tra s t in  image !
.. .... , ...............................  i
from image
i
from 3-D  p l o t |
1
1 1 
i
148 |
1
1 I 
|
0 .817 0 .9 2 1  | 
|
1
| 2 
i
110 |
1
0 .1 4 7  j
i
0 .121
1
0 .1 3 0  !
i1
1 3 
i
74 i
1
0 .3 3 3  | 
1
0 ,250
1
0 .2 5 8  I 
i
T a b le  6 .2
C o n tra s t v a lu e s  from  th e  images in  F ig u re  6 .1 (b )  and ( c ) .
I V ia l  | 
j number j
A c t iv i t y
in
v i a l
I C o n tra s t  
j in  
| phantom
1i
C o n tra s t in  image
i ....
i from image I
i .... ___ ___ i
from 3 -D  p lo t  j
kBq/ml
i ■
1662 keV I 32 keV | 662 keV | 32 keV |
1 1 l 148 I 1 .0 0 0
i
I 0 .842
i 1 
1 0 .7 6 5  I 
1
I
0 .8 1 8  | 0 .791  i
1 2 1 110 I 0 .1 4 7 I 0 .1 3 8I
i 0 .1 5 8  i
I
0 .1 4 3  i 0 .176  1
1 3 | 74 I 0 .3 3 3 I 0 .3 2 2  
1
1 0 .357  1 
i 1
0 .3 0 4  !
1
0 .296  1
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f i r s t  using  a 662keV fu l l - e n e r g y  peak window and th e n  w ith  a 32keV energy  
window to  b ra c k e t th e  barium K X -ra y s . The re c o n s tru c te d  g re y -s c a le  
images o f  th e  phantom a re  shown in  F ig u re  6 .1  (b) and (c) and t h e i r
3 -d im e n s io n a l ( is o m e tr ic )  p lo ts  in  F ig u re  6 .2  (b) and ( c ) , fo r  662 keV 
and 32 keV energy windows, re s p e c t iv e ly .  The v a lu e s  o f c o n tra s t  
c a lc u la te d  from th e  image and from th e  3 -d im e n s io n a l p lo ts  a re  shown in  
T a b le  6 . 2 .
The s p a t ia l  re s o lu t io n  o f  th e  system fo r  t h is  phantom can be determ ined  
by m easuring th e  FWHM o f th e  peaks in  th e  corresponding  l in e  scans o f  th e  
v i a l s  in  th e  re c o n s tru c te d  image. I t  can a ls o  be determ ined from  th e  
is o m e tr ic  p lo ts  o f  th e  images by measuring th e  FWHM o f  the  re s p e c tiv e  
p eaks . The s p a t ia l  r e s o lu t io n  o b ta in e d  from th e  is o m e tr ic  p lo ts  in  term s  
o f FWHM o f peaks was measured to  be 20 mm fo r  th e  f i r s t  phantom and 12 mm 
f o r  th e  second phantom fo r  both th e  enrgy windows. The b e t te r  s p a t ia l  
r e s o lu t io n  fo r  th e  second phantom can be a t t r ib u t e d  to  th e  lo n g er  
c o u n tin g  tim e  th a n  th e  f i r s t .  T h is  w i l l  be d iscussed in  th e  nex t 
s e c t io n .
6 .3  OPTIMISING THE SCAN PARAMETERS
6 . 3 . 1  Number o f P ro je c t io n s
The minimum number o f p ro je c t io n s , M, re q u ire d  t o  y ie ld  a s p a t ia l  
r e s o lu t io n ,  r ,  can be determ ined by th e  r e la t io n
ITS
M = —  ( 6 .2 )
q
where S is  th e  number o f raysums in  a p r o je c t io n  and q is  a c o n s ta n t. 
V a rio u s  v a lu e s  o f  q has been re p o rte d  depending on th e  approach used.
Cormack [1977] has recommended th e  v a lu e  o f q = l w h ile  Fo s ter [1 9 8 2 ] ,
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F o lk a rd  [1983] and Sanders [1982] have used th e  v a lu e  q=2 ,
Using f i l t e r e d  b a c k -p ro je c t io n  i t  was found t h a t  reasonab le  r e s u lts  a re  
o b ta in e d  w ith  th e  p ro je c t io n s  g re a te r  than  or equa l to  30 ( f o r  0 to  180
d e g re e s ) . However i f  th e  e x p e rim e n ta l tim e a llo w s  then  id e a l ly  th e
number o f p ro je c t io n s  would s a t is f y  th e  c o n d it io n  o f
T fS
( 6 . 3 )
2
A 3 -s o u rc e  phantom was c o n s tru c te d  by in je c t in g  1 -125  s o lu t io n  in t o  v ia ls  
o f  d iam ete r 25mm, 20mm and 15mm, and p la c in g  them in  w ater in  a p la s t ic  
c o n ta in e r  o f d iam eter 76mm. The a c t i v i t y  in  th e  v ia ls  was 1 0 .1  MBq,
7 .4  MBq and 3 .7  MBq r e s p e c t iv e ly .  A s te e l  c o ll im a to r  o f 1mm x 7.5mm 
dim ensions was used fo r  th e  d e te c to r  and th e  scans were c a r r ie d  o u t by 
windowing th e  27keV X -ra y  p e a k . The d e t a i ls  o f  t h is  source a re  g iv e n  in
s e c t io n  5 .  . The scan p aram eters  a re  g iv e n  below:
Number o f S teps = 90
Number o f P ro je c t io n s  = 45
Step le n g th  = 1 mm
Angular spacing  = 4 degrees
Counting Time per
raysum = 10 seconds
A nother scan was perform ed by keep ing  th e  scan param eters th e  same excep t 
th e  number o f p ro je c t io n s  was in c re a s e d  to  6 0 . The reco n s tru c ted  images 
f o r  45 and 60 p ro je c t io n s  a re  shown in  F ig u res  6 .3  (a) and (b) and t h e i r  
th re e -d im e n s io n a l p lo ts  a re  shown in  F igures  6 .4  (a) and ( b ) ,
r e s p e c t iv e ly .  I t  can be seen t h a t  th e  change in  th e  number o f  
p ro je c t io n s  has no e f f e c t  on th e  q u a l i t y  o f th e  images. T h e re fo re  in  
o rd e r  to  reduce th e  scan tim e  a s m a ll number o f p ro je c t io n s  can be 
chosen, (a lth o u g h  fo r  a g iv e n  s t a t i s t i c a l  q u a l i t y  th e  same number o f 
photons must be c o u n te d ).
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F ig u r e  6 . 3 .  I m a g e s  o f  t h r e e  s o u r c e  p h a n t o m  o f  1 - 1 2 5
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Figure 6.4: Isometric plots of the images in Figure 6-3
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6.3.2 Number of Raysums
The number o f  raysums depends upon th e  c o ll im a to r  s iz e  and th e  
s iz e  o f th e  o b je c t  to  be scanned. The d e te c to r s te p  le n g th  is  n o rm a lly
e q u a l to  th e  c o ll im a to r  d iam ete r b u t o c c a s io n a lly  when a low er s p a t ia l
re s o lu t io n  can be to le r a te d  th e  s te p  le n g th  can be s e t  g re a te r  than  th e
c o ll im a to r  s iz e .  However, i f  th e  s te p  le n g th  is  s e t  le s s  than  th e
c o ll im a to r  d iam eter no e x t r a  in fo rm a tio n  is  g a in e d . The same phantom
(d e s c rib e d  in  th e  p re v io u s  s e c tio n ) was scanned fo r  few er raysums p er
p r o je c t io n  (45 in s te a d  o f  90) • The scan param eters a re  g iven  below;
Number o f s tep s  = 45
Number o f p ro je c t io n s  = 45
Step le n g th  = 2 mm
A ngular spacing = 4 degrees
counting  t im e  p er rasurn = 10 seconds
The F ig u res  6 . 3 ( a )  and (c) show th e  reco n s tru c ted  images o f th e  same
phantom w ith  th e  same param eters excep t th e  number o f  raysums. I t  is  
obvious from th e  f ig u re s  t h a t  th e  re s o lu t io n  is  s tro n g ly  dependent on th e  
s te p  le n g th  and le s s  on th e  number o f p ro je c t io n s .
One d isadvantage o f choosing a  s m a lle r  s tep  le n g th  is  th a t  a narrow  
c o ll im a to r  is  re q u ire d  t o  f u l l y  e jq /L o it  th e  in c rease  in  th e  re s o lu t io n ,  
w hich w i l l  low er th e  count r a te  and consequently a  lo n g e r counting  tim e  
w i l l  be needed fo r  g iv e n  photon s t a t i s t i c s .  T h is  suggests th a t  th e  
compromise between re s o lu t io n  and scan tim e cou ld  be optim ised  by using  
s l i t  c o llim a to rs  o f v a r ia b le  w id th s , as has been used fo r  most o f  th e  
scans in  t h is  w ork , to  a llo w  more photons to  be c o lle c te d  by th e  
d e te c to r .  Such a system a llo w s  th e  c o llim a to r  to  e x a c t ly  match th e  s te p
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le n g th . The c o ll im a to r  s l i t  i s  a lig n e d  to  th e  lo n g itu d in a l  a x is  o f  th e  
o b je c t ;  i f  th e re  i s  l i t t l e  o r no v a r ia t io n  along t h is  a x is  th e  counting  
e f f ic ie n c y  can be im proved w ith o u t lo ss  o f  image q u a l i t y  in  th e  
tra n s v e rs e  s e c t io n .
6 . 3 . 3  Counting Time
Counting t im e  i s  governed by th e  count ra te  and maximum a v a i la b le  
ex p e rim e n ta l t im e . A  reaso n ab ly  la rg e  number o f counts should  be 
c o lle c te d  p e r raysum to  m in im ise  th e  e f f e c t  o f s t a t i s t i c a l  f lu c tu a t io n s  
in  th e  f i n a l  im age. Id e a l ly  th e  s t a t i s t i c a l  f lu c tu a t io n s  should be v e ry  
lew  b u t when em ploying is o to p ic  sources and a s in g le  d e te c to r  to  scan the  
o b je c t  o f h igh  a t te n u a t io n  c o e f f ic ie n t  then low er s t a t i s t i c s  has to  be 
t o le r a te d .
The counting tim e  can be k ep t down i f  th e  source is  a c t iv e  enough to  g iv e  
h ig h  count r a te s ,  fo r  exam ple in  imaging f is s io n  p ro d u cts  in  spen t fu e l  
ro d s , but fo r  th e  p re s e n t e x p e rim e n ta l work we co u ld  n o t use h ig h ly  
a c t iv e  sources due to  th e  s h ie ld in g  problems and th e  in te r n a l  s a fe ty  
re g u la t io n s  o f th e  U n iv e r s i ty .  T h is  r e s t r ic t io n  a u to m a tic a lly  means th a t  
lo n g e r counting tim e s  were re q u ire d .
The e f f e c t  o f co u n tin g  tim e  on th e  image q u a l i ty  was s tu d ie d . The
phantom was made w ith  a 37MBq 1 -125  source in  110ml o f  w a te r in  a p la s t ic  
b o t t le  o f d iam eter 76mm, The phantom was scanned fo r  d i f f e r e n t  counting  
tim e s  keeping a l l  th e  o th e r  scan param eters c o n s ta n t. The scan 
param eters a re  g iv e n  below ;
Number o f  s tep s  =60
Number o f  p ro je c t io n s  =45
Step length = 1.5 mm
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Counting t im e  p e r raysum = 5 ,  1 0 , 20 seconds
The d e te c to r  c o ll im a to r  used was 1.5mm x 20mm le a d  s l i t  c o ll im a to r .
F ig u re s  6 .5  ( a ) ,  (b) and (c) show th e  re c o n s tru c te d  images fo r  5 ,  10 and
20 seconds co u n tin g  tim e s  fo r  each raysum, r e s p e c t iv e ly .  A pparently
th e r e  is  n o t much d if fe r e n c e  in  th e  th re e  im ages. The reason fo r  th is  is
th e  h ig h e r a c t i v i t y  o f  th e  source so t h a t  even in  th e  w o rs t case image is
re c o n s tru c te d  from  a reaso n ab le  number o f photons. But i t  can be noted
t h a t  th e  images a re  g e t t in g  b r ig h te r  and w e l l  d e f in e d  as th e  counting
t im e  in c re a s e s . The com parison o f th e  images fo r  5 second and 20 seconds
co u n tin g  tim e  shows t h a t  th e  image q u a l i t y  is  b e t te r  w ith  th e  longer
co u n tin g  t im e . T h is  i s  a ls o  shown in  t h e i r  re s p e c tiv e  l i n e  scans which
show th e  im proved s t a t i s t i c s  fo r  th e  h ig h e r co u n tin g  tim e v a lu e s .
A nother way t o  d e s c rib e  th e  d if fe re n c e  in  th e  s t a t i s t i c s  o f the  two
images is  to  compare th e  s e p a ra tio n  o f th e  two peaks in  bottom l e f t
q u ad ran t o f  th e  f ig u r e s .  These peaks re p re s e n t p ix e l  h istogram s due to
a i r  ( l e f t )  and source ( r i g h t ) . The two peaks a re  becoming more and more
d is t in c t  from each o th e r  and more w e l l  d e fin e d  w ith  th e  in crease  in  th e
c o u n tin g  tim e  due to  th e  h ig h e r t o t a l  photon count from which th e  images
a re  re c o n s tru c te d . The n o ise  in  th e  images was c a lc u la te d  using th e
-4
e x p re s s io n  re p o rte d  by F o s te r  [1981] and was found to  be 2.37x10 ,
—4 -4
3 .1 4 x 1 0  and 4 .92x10  omn in  th e  images fo r  2 0 , 10 and 5 seconds counting  
t im e s , r e s p e c t iv e ly .  T h is  means t h a t  th e  images fo r  lo n g er counting  
tim e s  w i l l  be b e t te r  s t a t i s t i c a l l y .
6 .4  BACKGROUND CORRECTION
The p r o je c t io n  d a ta  was c o rre c te d  fo r  background counts p r io r  to  
re c o n s tru c t io n . T h is  was done by scanning th e  ra d io a c t iv e  o b jec ts  w ith  
th e  c o ll im a to r  b locked  w ith  s u f f ic ie n t  le a d  t o  p re v e n t th e  ra d ia t io n
Angular spacing = 4 degrees
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1 1
( b )
( c )
F i g u r e  6 . 5 .  I m a g e s  o f  1 - 1 2 5  p h a n t o m  w i t h  5 ,  1 0  
a n d  2 0  s e c .  c o u n t i n g  t i m e
1 9 3
p a s s in g  th ro u g h  th e  c o l l im a to r  h o le .  I f  th e  o b je c t  i s  f a i r l y  sym m etrica l 
th e n  on ly  one background p r o je c t io n  i s  r e q u ire d . The raysum v a lu e s  o f 
t h i s  p r o je c t io n  w ere s u b tr a c te d  from th e  co rresp o n d in g  raysum v a lu e s  o f 
each  p ro je c t io n .
6 .5  SCATTER CORRECTION
When a  pho ton  i s  e m itte d  in s id e  an a t te n u a t in g  medium, i t  s u f f e r s  
a  number of c o l l i s i o n s  w ith in  th e  medium. For photon e n e rg ie s  g r e a te r  
th a n  100 keV, th e  p redom inan t mode o f in te r a c t io n  i s  Compton s c a t t e r in g .  
Thus th e  s c a t t e r in g  medium behaves e s s e n t i a l l y  a s  a  secondary  so u rce  o f 
p h o to n s whose i n t e n s i t y  and energy  v a r ie s  w ith  th e  an g le  [D avies e t  a l ,
1 9 8 5 ]. A tte n u a tio n  removes th e  gamma-ray s ig n a l  from th e  ray  in t e g r a l  
w hereas th e  Compton in s c a t t e r i n g  r e s u l t s  in  th e  a d d i t io n  o f sam ple 
dependan t background s ig n a l s .  The m agnitude o f t h i s  background depends 
n o t  on ly  on so u rc e s  w ith in  th e  t r a n s v e r s e  s e c t io n  o f i n t e r e s t ,  b u t a l s o  
on so u rc e s  in  o th e r  n earb y  p la n e s .
T h e o r e t ic a l ly ,  one can  d is c r im in a te  a g a in s t  pho tons u sing  a  s in g le  
ch an n e l a n a ly se r  (a s  d e s c r ib e d  in  s e c t io n  4 .9) s in c e  th e  i n e l a s t i c a l l y  
s c a t t e r e d  pho tons a r e  o f low er energy  th an  th e  p rim ary  p h o to n s. However, 
most ECT system s use  N al(T l) based  d e te c t in g  system s which ty p i c a l ly  have 
an  energy  r e s o lu t io n  in  th e  range o f 10 -  20% (F ig u re  5 .6 ) and r e q u ir e  a  
p u ls e  h e ig h t window t y p i c a l l y  tw ice  t h i s  v a lu e  (-2FWHM). T h is  in e v i ta b ly  
r e s u l t s  in  th e  acc e p ta n c e  o f s c a t t e r e d  photons w ith in  th e  energy  window 
o f i n t e r e s t .  T h is  s i t u a t i o n  i s  even more co m plica ted  in  th e  ca se  a  
m u l t i - e n e rg e t ic  spectrum  where s c a t t e r in g  c o n tr ib u t io n s  w ith in  th e  
d e te c to r  from h ig h e r  energy  e v e n ts  a re  accep ted  w ith in  th e  s e le c te d  
photopeak  window. The e f f e c t  o f th i s ^ to  degrade th e  r e s u l t in g  images 
b o th  q u a n t i t a t iv e ly  and q u a l i t a t i v e l y .  T h is  g e n e ra l ly  ap p ea rs  in  th e  
form  o f in c re a se d  n o is e  which te n d s  t o  reduce th e  image r e s o lu t io n
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[J a s z c z a k , 1983,1984; A xelson , 1984; Pang and Genna, 1979? E h rh a rd t e t  
a l ,  1973? B lock and S an d e rs , 1972] and th e  appearance in  th e  r e s u l t in g  
image o f  v i r t u a l  s o u rc e s .  T h e re fo re  i t  i s  im p o rtan t to  f in d  a  r e l i a b l e  
method t o  c o r r e c t  f o r  th e s e  u n d e s ira b le  components o f  th e  d e te c te d  
s i g n a l .  The grow ing i n t e r e s t  in  q u a n t i t a t i v i t y  has le a d  t o  a  w id e -sp read  
e f f o r t  t o  e s t a b l i s h  a  method t o  c o r r e c t  fo r  Compton s c a t t e r in g  in  ECT. 
The d i f f e r e n t  m ethods fo r  t h i s  s c a t t e r  c o r r e c t io n  a r e  o u t l in e d  in  s e c t io n  
4 .9 .  S e c tio n  4 .9 .1  d e s c r ib e s  a  method by which th e  i n s c a t t e r  c o r r e c t io n  
i s  a ch iev ed  d u rin g  th e  a t te n u a t io n  c o r r e c t io n  by u s in g  a  low er e f f e c t iv e  
v a lu e  o f th e  a t te n u a t io n  c o e f f i c i e n t .  T h is i s  an  easy  method and 
r e q u i r e s  no e x t r a  work b u t by u sing  th e se  a r t i f i c i a l l y  low er v a lu e s  o f 
th e  a t te n u a t io n  c o e f f i c i e n t  th e  cupping in  th e  m iddle o f th e  l a r / g e r  s iz e  
o b je c ts  w i l l  be p r e s e n t  even a f t e r  a t te n u a t io n  c o r r e c t io n  and i t  w i l l  
p roduce th e  h o t- r im  e f f e c t s  on th e  im age. Even i f  th e se  can be 
t o l e r a t e d ,  t h i s  method i s  o n ly  a p p lic a b le  w here s ig n i f i c a n t  a t te n u a t io n  
ta k e s  p la c e .  For exam ple, in  th e  case  o f Cs-137 in  w ate r co n ta in ed  in  a  
sm a ll  d ia m e te r c o n ta in e r ,  th e r e  w i l l  n o t be much a t te n u a t io n  and th e  
p r o je c t io n  d a ta  may n o t need com pensation fo r  a t te n u a t io n .  In  t h i s  case  
t h e  use o f th e  d u a l energy  tech n iq u e  ( s e c tio n  4 .9 .4 )  was u sed . T h is  
method r e s t s  on th e  f a c t  t h a t  th e  response  o f th e  d e te c tin g  system  to  
p h o to n s  i s  s im i la r  i r r e s p e c t iv e  of th e  so u rce  c o n f ig u ra t io n .  Thus we can 
have  two energy  windows; one fo r  th e  fu l l - e n e rg y  peak and th e  o th e r  fo r  
th e  s c a t t e r  re g io n .
I f  we d en o te  th e  s c a t t e r  c o u n ts  under th e  fu l l - e n e rg y  peak by Cp and th e  
c o u n ts  in  th e  s c a t t e r  window by Cs th e n  we can w r i te ;
Cp = Cs x K (6 .4)
w here K i s  a  c o n s ta n t  which can be p r e - e s ta b l i s h e d  by u sing  an MCA to  
i n t e g r a t e  th e  co u n ts  in  th e  two windows. The r a t i o  o f Cs to  Cp g iv e s  th e  
v a lu e  o f K. For windows chosen  K was 0 .5  which d id  n o t  vary  much w ith  
p h o to n  energy  betw een betw een 140 keV (Tc-99m) and 662keV (C s-137).
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Tise v a lu e  o f K was de te rm in ed  by u sin g  th r e e  phantom s, Cs-137 l i q u id  
s o u rc e ,  Tc-99m l iq u id  so u rce  and Tc-99m l i q u id  mixed w ith  sand and was 
found  t o  be w ith in  0.5(±7%) fo r  each sam ple. Thus th e  d u a l energy  window 
s u b t r a c t io n  method u s in g  th e  mean v a lu e  o f K i s  cap ab le  o f e s tim a tin g  th e  
s c a t t e r e d  co u n ts  in  th e  f u l l - e n e r g y  peak t o  app rox im ate ly  7%. I t  i s ,  
t h e r e f o r e ,  p o s s ib le  t o  d e r iv e  a  s ig n a l  e s s e n t i a l ly  f r e e  of s c a t t e r in g  
com ponents sim ply  by re c o rd in g  th e  co u n ts  w ith in  two windows in  th e  
sp ec trum  o f th e  m a trix  under in v e s t ig a t io n .  T h is  method i s  g e n e ra l ,  i t  
sh o u ld  work fo r  a s in g le  en e rg y , a s  w e ll as  a  m u lti-e n e rg y  spectrum  
e q u a l ly  w e ll and moreover i t  i s  independen t o f th e  g eo m e tric a l s e t - u p  o f 
t h e  scann ing  system , s in c e  K i s  e a s i l y  determ ined  fo r  th e  case  in  hand . 
The r e s u l t s  have shown a  s ig n i f i c a n t  improvement q u a l i t a t i v e l y  in  th e  
im ages t o  which t h i s  method has been a p p lie d . F u rth e r  s tu d ie s  a re
re q u ir e d  t o  e s ta b l i s h  th e  q u a n t i t a t iv e  advantage o f t h i s  method. The 
s im p l ic i ty  o f t h i s  te c h n iq u e  a llo w s fo r  i t s  use in  a lm ost every  s e t - u p  in  
ECT.
to o th e r  method o f s c a t t e r  c o r r e c t io n  i s  re p o r te d  by Sanders [1982]? t h i s
r e c o n s t r u c t s  th e  images o f th e  p r o je c t io n  d a ta  from th e  two windows
s e p a r a te ly  and th e n  th e  image f o r  s c a t t e r  coun ts  i s  s u b tra c te d  from th e  
fu l l - e n e r g y  peak co u n ts  im age. The r e s u l t in g  image i s  th e n  supposed  t o  
b e  f r e e  o f s c a t t e r in g  e f f e c t s .  T h is  method i s  lo s e ly  e q u iv a le n t t o  our 
m ethod w ith  K =l, b u t i t  i s  s low er p ro c e s s  s in c e  two re c o n s tru c t io n s  a r e  
re q u ire d ?  one fo r  s c a t t e r  c o u n ts  and th e  o th e r  fo r  f u l l - e n e rg y  peak 
e v e n ts .
The a d d i t io n  o f HP-9836C m icrocom puter to  th e  SPECT scanner a llo w s  th e
c o l l e c t i o n  o f  d a ta  in  two c h a n n e ls , one fo r  th e  fu l l - e n e rg y  and th e  o th e r  
f o r  s c a t t e r  window. The c o u n ts  in  th e  s c a t t e r  window can  be s u b tr a c te d  
f o r  each raysum a f t e r  m u ltip ly in g  w ith  th e  f a c to r  K, and th e  n e t  co u n ts  
re c o rd e d  by th e  m icrocom puter w i l l  be th e  fu l l - e n e rg y  peak window c o u n ts
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f r e e  o f s c a t t e r  c o u n ts .  T h is  w i l l  e l im in a te  th e  need o f  two s e p a ra te  
s c a n s  hence red u c in g  th e  scan  tim e .
6 .6  DECAY CORRECTION
The d a ta  o b ta in e d  by scann ing  o b je c ts  c o n ta in in g  ra d io n u c lid e s  o f 
s h o r t  h a l f - l i f e  has t o  be com pensated fo r  t h e i r  decay . The l a s t  
p r o je c t io n  d a ta  w i l l  d i f f e r  c o n s id e ra b ly  from th e  f i r s t  p r o je c t io n  d a ta  
i f  th e  scan  tim e i s  lo n g e r  o r com parable to  th e  h a l f - l i f e  o f th e  
r a d io n u c l id e .  For exam ple Tc-99m has  a  h a l f - l i f e  of 6 h o u rs  and i f  th e  
so u rc e  i s  n o t  v e ry  a c t iv e  th e n  th e  scan  tim e i s  no rm ally  g r e a te r  th a n  th e  
h a l f - l i f e  o f Tc-99m. I t  was observed  (as i s  shown in  F ig u re  6 .6  ) t h a t  
th e  f i r s t  p r o je c t io n  d a ta  d i f f e r s  co n s id e ra b ly  from th e  l a s t  p r o je c t io n  
d a ta .  The g r e a te r  th e  scan  tim e th e  g re a te r  w i l l  be th e  e f f e c t  o f 
r a d io n u c lid e  decay . T h e re fo re  th e  scan  d a ta  has t o  be c o r re c te d  fo r  
d ecay . The e x p re s s io n  fo r  t h i s  can be d e riv ed  a s  fo llo w s ;
N (t) = N(O) exp(-A t) (6 .5 )
w here N (t) = number o f ra d io a c t iv e  atoms l e f t  a t  tim e t
and
N(0) = number o f r a d io a c t iv e  atoms p re s e n t  a t  t=0 
X = th e  decay c o n s ta n t .
The h a l f - l i f e ,  T, i s  r e l a t e d  t o  th e  decay c o n s ta n t a s
T = 0 .693/^ (6 .6)
T h e re fo re
N(0) = N (t) e x p [0.693 x t / T  ] ■ (6 .7 )
A com puter program was w r i t t e n ,  in  FORTRAN-77, fo r  c o r r e c t io n  o f th e  
p r o je c t io n  d a ta  fo r  d ecay . T h is  decay c o r re c t io n  so f tw a re  u ses  th e  above
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e q u a t io n  and i t  in c lu d e s  th e  c o u n tin g  tim e fo r  each  raysum p lu s  th e  tim e 
l o s t  betw een each  raysum in  re a d in g  th e  d a ta  from th e  c o u n te r /t im e r  and 
s to r in g  in  th e  m icrocom puter memory and moving th e  o b je c t  by th e  s te p  
le n g th  (+L se c o n d ) , th e  tim e  l o s t  betw een each p r o je c t io n  in  t r a n s f e r in g  
th e  d a ta  from th e  m icrocom puter memory to  th e  d is k  and tu rn in g  th e  
t u r n - t a b l e  by th e  a n g u la r  s te p  le n g th  {H2 seconds) » The Tc-99m d a ta  fo r  
a l l  th e  scan s  w ere c o r r e c te d  f o r  decay because o f i t s  s h o r t  h a l f - l i f e .  
A ll th e  o th e r  so u rc e s  used  have r e l a t i v e l y  h ig h e r  h a l f - l i f e ,  Cs-137 (30 
y e a r s ) ,  Cs-134 (2 .2  y e a rs )  and 1-125 (60 d a y s ) , so  th e y  do n o t r e q u ire  
th e  decay  c o r r e c t io n .  But t o  t e s t  th e  so ftw are  th e  d a ta  from 1-125 scan  
was u sed  t o  c o r r e c t  f o r  decay . T here was n o t any s ig n i f i c a n t  d if f e re n c e  
in  th e  c o r re c te d  and u n c o rre c te d  d a ta  because o f th e  t o t a l  scan tim e was 
much l e s s  th a n  th e  h a l f - l i f e  o f 1 -125 . I f  th e  t o t a l  scan  tim e i s ,  s a y , 
12 h o u rs  th e n  th e  so u rce  w i l l  decay 1 /120 tim es d u rin g  t h i s  tim e , and i f  
we have 100 cps in  th e  b eg in in g  o f  th e  scan th e n  a t  end o f th e  scan  we 
w i l l  have 99.42 c p s ,  which i s  0.57% change from th e  i n i t i a l  v a lu e .
F ig u re  6 .7  shows th e  l a s t  p r o je c t io n  c o r re c te d  and u n c o rre c te d  fo r  
d eca y . The d if f e r e n c e  in  th e  c o r r e c te d  and u n c o rre c te d  p ro je c t io n  i s  
rem ark ab le  and c o r re c te d  p r o je c t io n  i s  e s s e n t i a l l y  id e n t i c a l  to  th e  f i r s t  
p r o j e c t io n .  T h is  means t h a t  th e  com puter so ftv /a re  s u c c e s s fu l ly  c o r r e c t s  
f o r  th e  decay . The la rg e  d i f f e r e n c e  in  th e  c o r re c te d  and u n c o rre c te d  
d a ta  shows t h a t  th e  decay c o r r e c t io n  i s  very  im p o rtan t fo r  s h o r t - l iv e d  
s o u rc e s .
6 .7  SOLID ANGLE (OR GEOMETRICAL FACTOR) CORRECTION
The e f f e c t  o f s o l id  a n g le  on a  p o in t  source  and an  ex tended  so u rce  
was s tu d ie d  by u s in g  th e  opposed c o llim a te d  d e te c to r s  arrangem ent as  
d e s c r ib e d  in  s e c t io n  4 .8 .1 .  TVo N al(T l) d e te c to r s ,  o f 5cm x 5cm 
d im en s io n s , were p la c e d  70cm a p a r t  f a c in g  each o th e r  and th e  so u rces  were
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moved inbe tween th e  d e t e c to r s .  The o u tp u ts  o f th e  two a m p li f i e r s  were 
n o rm alised  by p la c in g  a  370 kBq Cs-137 s ta n d a rd  p o in t  so u rce  in  th e  
c e n t r e  and v a ry in g  th e  g a in s .
F ig u re  6 .8  shows th e  co u n t r a t e s  re c o rd e d , from a  Cs-137 p o in t  so u rc e , 
a t  d e te c to r  A, d e te c to r  B and t h e i r  a r i th m e t ic  and g eo m etric  means. I t  
can  be seen  from th e  f ig u r e  t h a t  th e  coun t r a te s  fo r  each  d e te c to r  f a l l s  
s h a rp ly  a s  th e  so u rce  i s  moved away s ig n ify in g  a  la rg e  co u n t r a t e  
v a r i a t i o n  i f  on ly  one d e te c to r  i s  u sed .
30ml o f Cs-134 l i q u id  so u rc e  in  a  p e t r i  d ish  o f 45mm d ia m e te r , p ro v id in g  
a  th i n  p lan e  c i r c u l a r  s o u rc e , was used a s  an ex ten d ed  so u rc e . The 
d e t e c t o r 's  s e p a ra t io n  was k e p t a t  70cm and th e  sou rce  was moved in b e  tween 
th e  two d e te c to r s  a t  5cm i n t e r v a l s  w ith  i t s  c y l in d r i c a l  a x is  a l ig n e d  
th ro u g h  th e  d e te c to r s .  The co u n t r a t e s  reco rded  a t  d e te c to r  A, d e te c to r
i
B and t h e i r  a r i th m e t ic  and g eo m etric  means a re  shown in  F ig u re  6 .9 .
Comparing th e  two two f i g u r e s ,  fo r  p o in t  and ex tended  so u rc e , i t  can  be 
seen  th a t  th e  v a r i a t i o n s  in  th e  coun t r a t e  fo r  th e  ex tended  so u rce  a re  
much l e s s  th a n  th e  p o in t  so u rc e . T h is i s  due to  th e  f a c t  t h a t  th e  
e f f ic ie n c y  o f d e te c t io n  d e c re a se s  w ith  th e  in v e rs e  sq u are  o f th e  
s o u rc e - to -d e te c to r  s e p a r a t io n .  In  th e  case  o f an i n f i n i t e  th i n  p lan e  
so u rce  o f uniform  a c t i v i t y  th e  co u n ts  d e te c te d  w i l l  be th e  same fo r  
d i f f e r e n t  s o u r c e - to - d e te c to r  d is ta n c e s  s in c e  th e  in v e rs e  sq u a re  law 
f a l l - o f f  in  d e te c t io n  e f f i c i e n c y  w i l l  be com pensated by an in c re a s e  in  
th e  a re a  of th e  t h i n  s l a b  o f  a c t i v i t y  seen  th rough  th e  c o l l im a to r .  For 
th e  ex tended  so u rce  th e  d e c re a se  in  count r a t e  i s  much slow er th a n  t h a t  
o f  th e  p o in t  s o u rc e . The r e s id u a l  f a l l  in  coun t r a t e  i s  due t o  in c re a se d  
p a th  le n g th  fo r  p e r ip h e r a l  r a d ia t io n s  which w i l l  th e n  be a t te n u a te d  
in c re a s in g ly .  For CL - p la n e  sou rce  o f f i n i t e  e x te n t ,  th e  edge o f th e  
so u rce  comes in to  v iew  a t  s u f f i c i e n t  s o u ro e -d e te c to r  s e p a ra t io n  le a d in g  
t o  th e  u su a l in v e rs e  s q u a re  f a l l - o f f .  As i t  i s  obv ious from bo th  th e  
f ig u r e s ,  th e  co u n t r a t e  v a r i a t io n s  can be m inim ised by ta k in g  th e
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X1Q
a r i th m a t ic  o r g eo m etric  means o f th e  opposed d e te c to r  c o u n ts . In  th e  
case  o f a  p o in t  so u rce  th e  g eo m etric  mean e x h ib i t s  minim al v a r i a t io n  in  
th e  coun t r a t e  and in  th e  ca se  o f an ex ten d ed  so u rce  th e  a r i th m e t ic  mean 
shows th e  sm a lle r  v a r i a t io n  in  th e  co u n t r a t e .
In  SPECT system s we a re  m ostly  d e a lin g  w ith  ex tended  sou rces?  fo r  
exam ple, in  m edicine th e  ra d io n u c lid e  p re s e n t  in  an o rg an , in  in d u s try  
th e  bu rn -u p  s tu d ie s  o f f u e l  rods e t c .  But o c c a s io n a lly  we come a c ro s s  
th e  problem  o f p o in t  so u rce  a c t i v i t y  measurem ents w here th e  average of 
th e  two opposing d e te c to r s  can be u s e f u l .
With our SPECT scan n er th e  o b je c t  t o  be scanned i s ' p la c e d  on th e
tu r n - t a b le  w hich moves l a t e r a l l y  in  f r o n t  o f th e  d e te c to r  c o l lim a to r  a t  a
f ix e d  d is ta n c e .  T h ere fo re  th e  v a r ia t io n ? /  in  th e  coun t r a t e  i s  n o t 
exp ec ted  u n le s s  th e  a c t i v i t y  i s  n o t u n ifo rm a lly  d i s t r i b u t e d  when fo r  each 
p r o je c t io n  (a s  th e  o b je c t  i s  r o ta t e d  fo r  each p ro je c t io n )  th e  co u n t r a t e  
w i l l  v a ry . For t h a t  case  th e  scan  i s  c a r r i e d  o u t over 360 d eg ree s
r o ta t io n  when u sin g  a  s in g le  d e te c to r  and th e  c o n ju g a te  raysums a re
averaged  by ta k in g  e i t h e r  a r i th e m t ic  o r  g eo m etric  means. For a  uniform  
o b je c t  th e  a r i th m e t ic  and g eo m etric  means w i l l  be th e  same as  th e  two 
raysums from o p p o s ite  view s w i l l  be th e  same. A p l o t  o f a ty p ic a l
p r o je c t io n  from a  uniform  a c t i v i t y  c i r c u l a r  so u rce  can be seen  in
F ig u re  6 .6 .
The s o l id  a n g le  com pensation was c a r r i e d  o u t by in c lu d in g  th e  ch o ice  o f 
a r i th m e t ic  o r geo m etric  means in  th e  a t te n u a t io n  c o r r e c t io n  com puter 
so f tw a re .
6 .8  ATTENUATION COMPENSATION
The a t te n u a t io n  o f th e  pho tons in s id e  th e  r a d io a c t iv e  o b je c t  i s  
th e  main problem  in  SPECT. T h is  a t te n u a t io n  can be assumed c o n s ta n t  i f
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th e  o b je c t  h as  unifo rm  d e n s i ty .  T h is  assum ption  makes th e  a t te n u a t io n  
c o r r e c t io n  p ro c e s s  q u i t e  easy  and a t te n u a t io n  c o r r e c t io n  can be done by 
u s in g  any of th e  methods d e sc r ib e d  in  s e c t io n  4 ,8 .2 .1 .  I t  becomes more 
co m p lica ted  fo r  th e  non-uniform  a t te n u a t io n ,  i . e  when th e  d e n s ity  o f th e  
o b je c t  i s  n o t un ifo rm . In  t h a t  ca se  th e  method o f a t te n u a t io n  c o r r e c t io n  
d e s c r ib e d  in  s e c t io n  4 .8 .2 .2  has t o  be used fo r  a c c u ra te  r e s u l t s .  iM s  
r e q u i r e s  knowledge o f th e  a t te n u a t io n  c o e f f i c i e n t  d i s t r i b u t io n  in  th e  
o b je c t  which i s  o b ta in e d  by a  s e p a ra te  tra n sm is s io n  scan  of th e  o b je c t  
w ith  an e x te rn a l  pho ton  so u rce  o f com parable energy  to  t h a t  o f th e  
e m itte d  pho tons by th e  o b je c t  i t s e l f .  T h is in c re a s e s  th e  scan tim e and 
th e  com puting tim e  because  o f th e  dual re c o n s tru c t io n ,  one fo r  th e  
tra n s m is s io n  and one f o r  th e  em issio n  c a se .
For t r i a l s  o f a t te n u a t io n  c o r r e c t io n  methods bo th  th e  te ch n iq u es  were 
u se d . In  th e  ca se  o f un ifo rm ly  d i s t r i b u te d  s o u rc e s ,  l i k e  Tc-99m s o lu t io n  
in  w a te r o r 1-125 s o lu t io n  in  w a te r , th e  a t te n u a t io n  c o e f f i c i e n t  was 
assum ed t o  be c o n s ta n t  a s  th e  l i q u id  has uniform  d e n s i ty .  For t h i s  case  
th e  methods d e s c r ib e d  in  s e c t io n s  4 .8 .2 .1 (b )  and 4 .8 .2 .1 (c )  were 
em ployed. The scan s  w ere perform ed fo r  360 d eg ree s  r o ta t io n .  A com puter 
p rogram , in  FORTRAN-77, has been developed  fo r  a t te n u a t io n  com pensation 
u s in g  a  c o n s ta n t a t te n u a t io n  c o e f f i c i e n t .  T h is  a t te n u a t io n  c o r r e c t io n  
so f tw a re  in c lu d e s  th e  s o l id  an g le  (or g e o m e tric a l f a c to r )  c o r r e c t io n  a s  
d e s c r ib e d  in  s e c t io n  4 .8 .1  to g e th e r  w ith  a t te n u a t io n  c o r r e c t io n .  The 
g e o m e tr ic a l f a c to r  c o r r e c t io n  in c lu d e s  th e  ch o ice  o f a r i th m e t ic  o r 
g eo m etric  mean, and th e  a t te n u a t io n  c o r r e c t io n  in c lu d e s  th e  ch o ice  of 
h y p e rb o lic  s in e  c o r r e c t io n  (eq u a tio n  4.69) o r th e  average o f th e  
e x p o n e n tia l  f a c to r s  c o r r e c t io n  (eq u a tio n  4 .74) te c h n iq u e s . S ince  th e  
phantom s used  w ere o f sym m etrica l shape th e  chord  le n g th  (L) in  e q u a tio n s  
4 .6 9  and 4 .74  can e a s i l y  be com puted, a s  th e  s te p  le n g th  i s  a l t e r e d ,  by 
u s in g  P y th ag o ru s ' theo rem .
C onsider a c i r c u la r  o b je c t of rad iu s  R in  F igure  6 .1 0 .
We can w rite  th a t
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F ig u re  6 .1 0 ; C a lc u la t io n  o f th e  chord  le n g th  (L ) .
2 2 2 
R  = (1/2) +  S (6.8)
‘L ^  !/&
T h ere fo re  L = 2(R -  S ) (6 .9)
and S = R -  n i  (6 .10)
where n i s  th e  number o f s te p s  and I  i s  th e  s te p  le n g th  which i s  alw ays 
increm ented  by th e  same v a lu e  to  c a lc u la te  th e  n e x t chord  le n g th  u n t i l  
th e  whole o b je c t  i s  co v ered . The v a lu e  o f L i s  c a lc u la te d  from e q a u tio n  l
6 .9  fo r  each s te p  in crem en t and i s  s u b s t i tu te d  in  e i t h e r  e q u a tio n  4 .69  or 
e q u a tio n  4 .74  acco rd in g  t o  th e  cho ice  o f th e  a t te n u a t io n  com pensation 
p ro ced u re . The decay c o r re c te d  d a ta  ( i f  re q u ire d )  i s  c o r re c te d  fo r  
a t te n u a t io n  b e fo re  th e  re c o n s tru c t io n  p ro c e s s .
The edge o f th e  so u rce  i s  d e f in e d  where th e  raysum co u n t f a l l s  by 90% 
from one ray  to  th e  n e x t .  T h is  c r i t e r i o n  was found t o  co rresp o n d  when 
th e  c o l lim a to r  was a l ig n e d  on th e  a c tu a l  edge o f th e  so u rc e . The 
a t te n u a t io n  c o r r e c t io n  program se a rc h e s  fo r  th e  edge o f th e  sou rce  and 
from t h i s  edge th e  c a l c u la t io n  o f th e  sou rce  th ic k n e s s  b e g in s . T h is  
th re s h o ld  was t e s t e d  by com paring i t  w ith  th e  known so u rce  ra d iu s  and was 
found to  work r e l i a b l y .  P ro v id in g  th e  sou rce  d im ensions t o  th e  com puter 
so ftw a re  makes th e  a t te n u a t io n  c o r r e c t io n  p ro c e s s  f a s t e r  b u t i t  i s  on ly
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a p p l ic a b le  when th e  so u rce  d im ensions a re  known which i s  o f te n  n o t th e  
c a s e .  So fo r  th e  c a se s  w here th e  so u rce  i s  n o t c o in c id e n t w ith  th e  
a b so rb e r  boundary , th e  edge o f th e  so u rce  has  t o  be deduced by a c tu a l  
m easurem ents. S in c e , fo r  th e  e x p e rim en ta l work in  SPECT w ith  phantom s, 
th e  d im ensions o f  a lm ost a l l  r a d io a c t iv e  o b je c ts  w ere known so  t o  make 
t h e  c o r r e c t io n  p ro c e ss  f a s t e r ,  th e  a c tu a l  sou rce  ra d iu s  was g iv en  t o  th e  
c o r r e c t io n  program .
F or th e  case  o f v a r ia b le  a t te n u a t io n  c o e f f i c i e n t  th e  i t e r a t i v e  te c h n iq u e s  
(d e s c r ib e d  in  s e c t io n  4 . 8 .2 . 2 ) ,  u s in g  th e  RECLBL l i b r a r y  ro u t in e s ,  w ere 
em ployed. Two su b ro u tin e s  o f t h i s  l i b r a r y  used  were GRADY, which u ses  
t h e  g r a d ie n t  method, and CONGR, which u ses  th e  co n ju g a te  g ra d ie n t  method 
f o r  s te p  c a lc u la t io n s .  These two methods w ere used t o  re c o n s tru c t  th e  
s im u la te d  d a ta  fo r  th e  c o n s ta n t  and v a r ia b le  a t te n u a t io n  c o e f f i c i e n t s .  
S e v e ra l scan s  w ere s im u la te d  fo r  d i f f e r e n t  - scan  p a ram eters  and th e  
r e c o n s t r u c t io n  was perfo rm ed . Some scan s  a re  d isc u sse d  h e re .  The 
s im u la te d  scan  p a ram ete rs  a r e  g iv e n  below .
Number o f s te p s  = 100
Number o f p r o je c t io n s  = 72 (over 360 d eg rees)
S tep  le n g th  = 1mm
A ngular sp ac in g  = 5 d eg rees
The r e s u l t s  from th e se  methods a re  shown in  F ig u re s  6 .1 1  th rough  6 .1 6 . 
F ig u re  6 .1 1  shows th e  r e c o n s tru c te d  image o f s im u la te d  d a ta  fo r  Tc-99m 
w ith o u t a t te n u a t io n  c o r r e c t io n  and a  l i n e  scan  th rough  t h i s  image i s  
shown in  F ig u re  6 .1 2 . F ig u re  6 .13  shows th e  image of th e  same d a ta  
c o r r e c te d  fo r  c o n s ta n t a t te n u a t io n  c o e f f i c i e n t  o f 0 .15  cm (fo r  140 keV 
p h o to n s) w ith  th e  c o n ju g a te  g r a d ie n t  method and th e  l i n e  scan  th ro u g h  
t h i s  image i s  shown in  F ig u re  6 .1 3 . The d if f e re n c e  between th e  two 
im ages i s  c l e a r ly  v i s i b l e  in  th e  p l o t  o f th e  l i n e  sc a n s . F ig u re  6 .14  
shew s th e  a t te n u a te d  c o r re c te d  re c o n s tru c te d  images o f a non-uniform
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F ig u re  6 .1 1 : R eco n stru c ted  image o f s im u la te d  em issio n  scan  d a ta  u sing
i t e r a t i v e  method.
THE APPROXIMATED RECONSTRUCTION FOR AN EMISSION SCAN
XMIN - -0.36E 01 XMAX - O.15E 02 XSUM - O.1341E 05
X X  X X
X X  X X
X X  X X
X X  X X
X X  X X
X X  X X
X X  X X
X X X  X X X
X X X  X X X
X X X  X X X
X X X  X X X
. X X X  X X X
O  X X X  X X X
CO X X X  X X X
X X X  X X X
x x x x  x x x x
II x x x x  x x x x
x x x x  x x x x
h i -  X X X X  X X X X
LCl  x x x x x  x x x x x
LUliJ x x x x x  x x x x x
O O  x x x x x  x x x x x
CC CC x x x x x  x x x x x
ULU x x x x x  x x x x x
h-h- X X X X X  X X X X X
Z  Z  x x x x x  x x x x x
m m  x x x x x x  x x x x x x
I x x x x x x  x x x x x x
>  X X X X X X X  X x x x x x x
X X X X X X X  X X X X X X X
UJ X X X X X X X X  X X  XX X X  X X
X  X X X X X X X X  X X X X X X X X
h- X X X X X X X X  X X X X X X X X
X X X X X X X X  X X X X X X X X
X X X X X X X X  X X X X X X X X
X X X X X X X X  X  X  X X X X X X X X
x x x x x x x x x x x  x x x x x x x x x x x
X X X X X X X X X X X X X X  x x x x x x x x x x x x x x
C4N x x x x x x  x x x x x x x x x  x x x x x x x x x x x x x x x
Z O O  X X X X X X  X X X X X X X X X X X  X  X x x x x x x x x x x x x x x x x x
D  x x x x x x x x x x x x x x x x x  x x x x  x x x x x x x x x x x x x x x x x
ZIDLJ x x x x x x x x x x x x x x x x x  x x x x  x x x x x x x x x x x x x x x x x
H h t y  X X X X X X  X X X X X X X X X X X X X X X X X X X X X X X X X X X X  x x x x x x
XlN<N X X X X X X  X X  X X X  X X X X  X X  X X  X X X X  X X X X  X X  X X  X X X  X X X  X X X
<lMr< X X X X X X X  X X  X X  X X X X X X  X X X  X X X X  X X X X  X X X X  X X X  X X X X X  X X
JC • . x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x
O O  X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  X X X X X  X X
X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  X X X  X X  
X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  X X X X X  X X  
X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  X X X X X  X X  
X X X X X X X X X X X X X X X X X X X X X X X X X X X X x x x x x x x x x x x x x x  
x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x
X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  X X  
O O  X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  X X X X X X X
Z O Q  X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X
3  X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X
ZlllUI X X X  X X  X X  X X X X X  X X X X X X X X X X X X X X X X X  X X X X X X X X X X X  X X
M M ^  X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  X X X  X X
ZC4C4 X X  X X  X X  X X  X X X X X X X X  X X  X X  X X  X X  X X X X  X X X X  X X X  X X  X X X  X X
M f ^ 4  X  X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  X
Z • •  x  X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  X
O O  X  X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  X
X  X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  X X X
X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  X  X  X X X
X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  X  X  X X X
x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x  X  X  X X X
X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  X  X X  X X X
X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  X  X X  X X X
X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  X  X X  X X X
X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  X X X X X X X X  
X X X X X X X X  X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  X X X X X X X X  
Cl <x X X X X X  X X X X X X  X X X  X X  X X X X X X X  X X X X X  X X X  X X X  X X  X X X X  X X X  X X X  X X X X  X X  X X X  X X  X X  X X X  X X
_|  CC h m m h h h m h h h h m h h h h m m m m m h h h m h h h h h h m h h h h m h h h m m m m m h m h h h m h h m m m m h h m m h h m
Ll  o x
CC 00 I-
O Z  O •MfCJOO^ IiOsONOOChO^ C'ICO’J-taO'ONCOO'OMtC-ICO'J-UOOr^COChOM.C'ICO'J-UO'ONCC'C^O-MCQCO'TUO'Or'aiChO-'CQCOfl-UO'Or'COChO-'C-ICrx
>  >  _l ’M-'.MiT-i-rt.-i-H I (S| (\j C4 (4 (N (M OQ 04 04 04 CO CO CO CO 00 CO 0000 CO CO ^  <3- <Q- ¥  HO U0 U0 U0 HO HO HO HO HO H*' >0 >0 O  O  O
X X
X X X X X
1— X X X X X
3 X X X X X
O X X X X X X
K X X X X X X
Z LJ X X X X X X
O X X X X X X X X
CO Ol
Figure  6 .12 : A l in e  scan through th e  above image.
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:  4 i a a a 8 8 H 8 I 8 8 a i ] +  :  I
:  -*»«ssseggSSSS£S£gS£5SSS5SSgSSSS«.‘. : :'    ~ ibbbbbmbbbbSbbbbbbbbbbbbbbbbbbbbbji- - _z *
RECONSTRUCTION FOR THE EMISSION SCAN CORRECTED FOR ATTENUATION
XMIN = -0.30E 01 XMAX = 0.36E 02 XSUM = 0.5996E 05
^!s!!fi!!!5afia55S5aS5S5a5Saa5SSSS55S>|
M -  ;S filB S ^S S ^S sS S S S fi!S & 5H il^w in ft.p  -------■
  . j, IUBBBBBBBBBBBBBBBBBBBBBKBBBBBB Bf BBBBB*X -
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s s f f i i g s K g s a a s a a i s  
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0
• B B B B B B B B B B B I B B B B B B B B B B B B B B B B B B B '
   tf
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«  -
tf — ----X-  --- I+- — -
♦ B B B B B B B B B B B B B B B B B B B B B B B B *
- M B B B 8 B B B B 8 8 8 8 8 8 8 8 B B B B 8 B B B M
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F ig u re  6 .1 3 ; R eco n s tru c ted  image o f th e  same d a ta  c o r re c te d  fo r  c o n s ta n t 
a t te n u a t io n  c o e f f i c i e n t .
X X X X  X X X  X X
X X X  X X  X X X X  X X X
X X X X X X  X X  X  X X X  x x x x x x
X X X X X X X  X X X X X  X X X X X  X X X X X X X
X X X X X X X  X X X X X  X X X X X X X  X  X X X  X X X
X X X X X X X  X X X X X  X X X X X X X X X  X X X X X X X
X X X X X X X  X X X X X  X X X X X X X X X  X X X X X X X
x x x x x x x x x x x x x x x x  x x x x  x x x x x x x x x x x x x x x x  
x x x x x x x x x x x x x x x x  x x x x  x x x x x x x x x x x x x x x x
X X X X X X X X X X X X X X X X X  X X X X  X X X X X X X X X X X X X X X X X  
■ X X X X X X X X  X X X X  X X X  X X X X  X X X X X X X X X X X X X  X X  X X X X X  X
0  X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X
<■') X X X X X  X X  x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x
X X  X X X X X X  X X  X X X X X X  X X X X X X X X X X X X X X  X X  X X  X X  X X X  X
X X X X X X X X  X X  X X X X X X  X X X X X X X X X X X X X X X X  X X  X X  X X X  X
II X X  X X X X X X  X X  X X  X X X X  X X X  X X X X X  X X X  X X X X X X X  X X X X X  X
X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X x x x x x x  
H I -  X X  X X X X X  X X X  X X  X X X  X X  X X  X X  X X  X X X  X X X X X X  X X  X X X X X  X
LCl X X  X X X X X X X X X X  x x x x  X X X X X X X X X X X X X X X X  X X  x x x x x x
UJUI X X  X X X  X X X  X X  X X  X X X X  X X X  X X X X  X X  X X X  x x x x x x  x x x x x x
U U  X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X x x x x
l£ l£ X X X X X  X X  X X X X X X X X X X X X X X X X X X X X X X X X X X X  X X  x x x x
UJUI X X X X X X X X X X  X X X X X X X X X X X X X  X X X X X X X X X X X X X X X X X
I-1- X X X X X X X X X X  X X  X X X  X X X X X X X X X X X  X X X X X X  X X  x x x x x x
Z  Z  X X X X X X X X X  X X X  X X X X  X X X X X X X  X X X X X X X X X  X X  x x x x x x
•“I*-1 X X X X X X X X X X  X X  X X  X X  X X X X  X X X X X  X X X X  X X X X X X X  x x x x
I X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X x x x x
>  X X X X X X X X  X X  X X  X X X X X X X X X X X X X X X X  X X X X  X X X X X X X X
X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  
Ul X X  X X X X X X  X X  X X X  X X  X X X X X X X X X X X X X X X X X  X X  x x x x x x
1  X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X x x x x x x
I— X X X X X X X X X X  X X X  X X X  X X X X X X X X X X X  X X X X X  X X  x x x x x x
X X X X X  X X X  X X  X X  X X X X X X X X X X X X X X X X X X X X X X  x x x x x x  
X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X x x x x x x  
X X X X X X X X  X X X X X X X X X X X  X X X X X X X X X X X X X  X X  x x x x x x  
X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  
X X X X X X X X X X X X X X X X X X X X X X X X X X X X x x x x x x x x x x x x  
•N'N X X X X X X X X X X  X X X X X X X X X X X X X X X X X X X X X X  X X  x x x x x x
E Q O  X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X x x x x
D  X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X x x x x x x
£LUUJ X X  X X X X X X  X X  X X  X X X X  X X X  X X X X  X X X X X X X X X X X  X X X X X  X
•-•COCO X X X X X X X X X X X X X X X X  X X X X X X X X X X X  X X X X X  X X x x x x x x
x  CO CO X X  X X X X X  X X X  X X  X X X  X X  X X  X X X X X  X X  X X X X  X X  X X  X X  x x x x
<t1 '' CO X X X X  X X X  X X X  X X  X X X  X X X X  X X X X X  X X X  X X X X X  X X  X X X  X X X
E  • • X X X X X  X X  X X X X X X X X X X X X X X X X X X X X X X X X X X X  X X  x x x x
O O  X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X x x x x x x
X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X x x x x x x  
X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  
X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  
X X X X X X X X X X X  X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  
X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  
X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  
—• —' X X X  X X X X X X X X X X  X X X X X X X X X X X X X X X X X X X X X X  X X X X X X X
£ 0 - 0  X X X  X X X X X X  X X  X X  X X X  X X X X  X X X X X  X X X  X X X X X  X X  X X X X X  X X
D X X X X X X X . X X X X  X X X X X  X X X X X X X X X X X X X X X X X  X X  X X X X X  X X
HUIUI X X X X X X > : X X X X X X X X X X X X X X X X X X X X X  X X X X X X  X X X X X X  X X
•-» CO CO X X X  X X X > X X X X  X X  X X X X X X X X X X X X X X X X X X X X X X  X X X X X  X X
Z X X X  X X  X X X  X X X  X X X  X X X  X X X X X X X X X X X X X  X X X X X  X X X X X X X  
X X X X X X X X X X X X X  X X X X X X X  X X X X X X X X X X X X X  X X  X X X X X  X X
£  ■ • x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x
O O  X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X
I I x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x
X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  
X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  
X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  
X  X  X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  X X
X  X  X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  X X
UJ X X  X  X  X X X X X X X X X X X X X  X X  X X X X X X X X X X X X X X X X X X X X  X X  X X X X X  X X X X  X  X X X  
O  X X  X X X X  X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  X X X X  X X
Z  X X X  X X X X  X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  X X X X  X X X
<1 X X X X X X X X X X X X X X X X X * X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X
I— I
o  rn r j ,--i ^  ij'i q  c^ o  ra c j r j  ^  ir> r* co O' O  ■-• 'N co j r  uo -o n  o  c>. o  ra c j o  <}- bo <> o) ^  o  -- c 4 o  •* tjO 'O n  co c^ o  ra -+o  iio <• r-' 0 •>. o  -• •' -i ro
_j ^  ^  ^  _ i ^  (\j iN iN 0<l C41.4 H  04 ‘N 04 CO OO CO CO 0) CO CO OO CO CO ^  liO UO uO U~i UO UO UO UO uO UO <0 >0 <• >0
Figure 6 .14 ; Line scan through th e  above image,
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F ig u re  6 .1 5 : R e c o n s tru c te d  image o f th e  same d a ta  c o r r e c te d  fo r  a t te n u a t io n  
u sing  v a r ia b le  a t te n u a t io n  c o e f f i c i e n t s .
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F igure 6 .1 6 : A l in e  scan through th e  above image.
208
a t te n u a t io n  o b je c t  c o n ta in in g  Tc™99m w ith  th e  same method and a  l i n e  scan  
th ro u g h  t h i s  image i s  shown in  F ig u re  6 .1 6 . Comparing F ig u re s  6 .13  and
6 .1 5  we can  s e e  t h a t  th e r e  i s  n o t any s ig n i f i c a n t  d if f e r e n c e  between 
th e s e  tw o. T h is  i s  due t o  rea so n  t h a t  th e  s im u la te d  phantom was fo r  
Tc-99m s o lu t io n  w hich i s  supposed t o  be o f uniform  d e n s i ty .  T h is  means 
t h a t  fo r  a  uniform  d e n s i ty  o b je c t  th e  c o n s ta n t  a t te n u a t io n  can be 
assum ed.
For th e  c o n s ta n t  a t te n u a t io n  c o e f f i c ie n t  case  on ly  one scan  d a ta  i s  g iven  
fo r  th e  em iss io n  scan  w h ile  fo r  th e  v a r ia b le  a t te n u a t io n  ca se  both  
tra n s m is s io n  and e m iss io n  scan  d a ta  has to  be p ro v id ed . The same program 
can  be used  fo r  b o th  th e  c a s e s .  The a lg o rith m  f i r s t  c a lc u la te s  th e  
a t te n u a t io n  c o e f f i c i e n t s  fo r  each p ix e l  from th e  tra n s m is s io n  scan  and 
th e n  c a l c u la te s  th e  a t te n u a t io n  f a c to r s  fo r  each p ix e l  from th e  
a t te n u a t io n  c o e f f i c i e n t s  and th e  le n g th  o f th e  chord  L, and s to r e s  i t  in  
a  f i l e  c a l le d  LUNATN. T h is  f i l e  i s  kep t open fo r  read in g  and w r it in g  o f 
th e  c a lc u la t io n s  d u rin g  th e  com putaional p ro c e s s .  The em issio n  d a ta  i s  
th e n  c o r re c te d  u s in g  th e  co rresp o n d in g  a t te n u a t io n  f a c to r s  and c o r re c te d  
p r o je c t io n s  a r e  th e n  re c o n s tru c te d  u sin g  th e  i t e r a t i v e  re c o n s tru c tio n  
te c h n iq u e .
The r e c o s t ru c te d  im ages o f th e  ex p erim en ta l d a ta  from th e  SPECT scanner 
fo r  d i f f e r e n t  so u rc e s  has been shown and d is c u s se d  under t h e i r  re s p e c t iv e  
h e a d in g s»
6 .9  EMISSION SCANS OF POINT SOURCES
The sc a n s  o f  p o in t  so u rces  were c a r r i e d  o u t t o  t e s t  th e  
perform ance o f th e  SPECT scan n er a s  w e ll as  th e  re c o n s tru c t io n  tech n iq u e  
u se d , fo r  th e  p o in t  s o u rc e s .  A few scan s  w ere done of d i f f e r e n t  p o in t  
so u rc e s .  Some a r e  d is c u s s e d  below .
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The f i r s t  scan  was done o f a  370 kBq Am-241 s ta n d a rd  gamma-ray "p o in t' 
s o u rc e . I t  was p la c e d  on th e  t u r n - t a b l e  and was scanned  by s e t t i n g  th e  
window on th e  f u l l - e n e r g y  peak o f  59 .6  keV pho tons. The d iam ete r o f  t h i s  
so u rc e  a s  w e ll  a s  th e  o th e r  s ta n d a rd  p o in t  so u rces  i s  ap p ro x im ate ly  1mm. 
The d e te c to r  c o l l im a to r  was a  1mm x 10mm s l i t  and 10.5cm lo n g . The scan  
p a ra m e te rs  a re  g iv e n  below .
Number o f s te p s  = 20
Number o f  p r o je c t io n s  = 3 0  
S tep  le n g th  = 1mm
A ngular sp ac in g  = 6 degrees
co u n tin g  tim e  p e r  raysum = 120 seconds
The whole scan  took  20 h o u rs  t o  com ple te . Hie r e c o n s tru c te d  image o f  th e  
Am-241 p o in t  so u rce  and i t s  th r e e  d im ensional p l o t  i s  g iven  in  F ig u re  
6 .1 7  (a) and (b) r e s p e c t iv e ly .  H ie image of th e  p o in t  so u rce  i s  c l e a r ly  
v i s i b l e  in  th e  two d i s p la y s .
The second p o in t  so u rc e  used  was a  370 kBq B a-133. The d e te c to r  
c o l l im a to r  le n g th  was reduced  t o  5.2cm to  reduce th e  s o u rc e - to -d e te c to r  
d is ta n c e .  The scan  p a ra m e te rs  w ere kep t th e  same a s  fo r  Am-241 ex cep t 
t h a t  th e  coun tin g  tim e  p e r raysum was reduced t o  20 seconds. The 
scan n in g  was done tw ic e ,  f i r s t  fo r  278 keV energy and second fo r  303 keV 
p h o to n s . F ig u re  6 .1 8 (a )  shows th e  re c o n s tru c te d  im ages and th e  l i n e  
s c a n s  th rough  th e  im ages f o r  303 keV (upper) and 278 keV ( lo w e r) . The 
3 -d im en sio n a l p lo t s  o f  th e  im ages a r e  d isp la y ed  in  F ig u re s  6 .1 8 (b ) and 
(c) fo r  303 keV and 278 keV sc a n s  r e s p e c t iv e ly .  The p ix e l  s i z e  i s  
1mm x 1mm and th e  t o t a l  p ix e l s  a r e  324 (18 x !8 ) . H ie rea so n  fo r  b o th  th e  
im ages ap p earin g  on one s id e  o f th e  image p lane i s  t h a t  th e  so u rce  was 
n o t  p ro p e r ly  a l ig n e d  w ith  th e  c o l l im a to r .  From in s p e c t io n  of th e s e  two 
f ig u r e s  a  few d e d u c tio n s  can be made. F i r s t ,  as  e x p e c te d , th e  m agnitude
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F i g u r e  6 . 1 7  A m - 2 4 1  p o i n t  s o u r c e  i m a g e  a n d  3 - D  p l o t .
F i g u r e  6 . 1 8  B a - 1 3 3  p o i n t  s o u r c e  i m a g e  a n d  3 - D  p l o t s
2 1 1
o f  th e  Z -a x is  ( s c a le  re n o rm a lise d  a u to m a tic a l ly  t o  peak v a lu e  of th e
303 keV ph o to n s i s  h ig h e r  th a n  t h a t  o f th e  278 keV p h o to n s . T h is  i s  due
t o  th e  i n t e n s i t y  o f 303 keV pho tons (19.7%) b e in g  h ig h e r  th a n  t h a t  fo r
278 keV p ho tons (7 .4% ). However, th e  r a t i o  o f t h e i r  i n t e n s i t i e s  do n o t
m atch th e  r a t i o  o f t h e i r  Z -ax is  m agnitude. T h is  can be e x p la in e d  by 
n o tin g  t h a t  th e  Compton s c a t t e r e d  e v e n ts  in  th e  d e te c to r  due t o  th e  303, 
356 and 384 keV p h o to n s  c o n t r ib u te  to  th e  c o u n ts  in  th e  278 keV 
f u l l - e n e r g y  peak re g io n ,  in c re a s in g  th e  coun ts  in  t h a t  re g io n , whereas 
o n ly  t h a t  o f th e  w eaker 356 keV and 384 keV p h o to n s  c o n tr ib u te  to  th e  
f u l l - e n e r g y  peak re g io n  o f 303 keV. Compton t a i l s  from h ig h e r energy 
e v e n ts  a re  co u n ted  in  th e  f u l l - e n e r g y  peak window due t o  th e  r e l a t i v e ly  
p o o r r e s o lu t io n  o f th e  Nal(T) d e te c to r  used w ith  th e  SPECT sc a n n e r . The 
p o o r energy  r e s o lu t io n  o f th e  d e te c to r  r e q u ir e s  a  w ider energy  window. 
I f  th e  SCA i s  r e p la c e d  by an MCA th e  n e t  peak c o u n ts  can be e x tra c te d  to  
e l im in a te  th e s e  e f f e c t s .
A nother f e a tu r e  i s  t h a t ,  even though th e  so u rce  used  was a  p o in t  source  
o f  d iam ete r ap p ro x im ate ly  1mm bo th  th re e -d im e n s io n a l p lo t s  show t h a t  th e  
iirag es  produced a  base  of d im ensions 8mm x 8mm in  s i z e .  T h is  i s  much 
b ig g e r  th a n  th e  base  o f th e  Am-241 image (F igu re  6 .1 7 (a )  which tu rn s  o u t 
t o  be on ly  2mm x 2mm in  s i z e .  T h is  e f f e c t  can  be a t t r i b u t e d  t o  th e  
le n g th  o f th e  c o l l im a to r  t h a t  d i f f e r s  in  th e  two s c a n s . The e x p re ss io n  
f o r  th e  e f f e c t  o f c o ll im a to r  le n g th  on th e  s p a t i a l  r e s o lu t io n  can be 
d e r iv e d  from F ig u re  6 .1 9  a s  un d er.
The s p a t i a l  r e s o lu t io n  i s  g iv en  by 
d = FWHM
From th e  above f ig u r e  i t  can be w r i t t e n  as
d = GJ = GH + HI + I J  
o r  d = 2GH + CE
Now s in c e
AC = 2GH 
s o  d = AC + CE
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F ig u re  6 .19s Trapezium ap p rox im ation  t o  p o in t  so u rce  response fu n c t io n .  
Now
AC b -  a
CE a
and CE = 2 r
so
2 rb
d = —  (6 .11)
a
w here r  i s  th e  c o l lim a to r  r a d iu s ,  b  i s  th e  so u rce  t o  d e te c to r  d is ta n c e  
and a  i s  th e  le n g th  o f th e  co llim ato r®
OL
In  th e  above two c a se s  th e  le n g th  o f c o l l im to r  fo r  Am-241 scann ing  was 
tw ic e  a s  t h a t  f o r  Ba-133 which means t h a t ,  g iv e n  a  s im i la r  c o l lim a to r  
ra d iu s  (r)  and so u rce  t o  d e te c to r  s e p a ra t io n  ( b ) , th e  r e s o lu t io n  (d o r 
EWHM) i s  in v e r s e ly  p ro p o r t io n a l  t o  th e  le n g th  o f th e  c o l lim a to r  (a) a s  
can be seen  in  e q u a tio n  6 .1 1 . Secondly  th e  energy  o f th e  so u rce  i s  
in c re a s e d  from 59 .6  keV t o  278 and 303 keV. The h ig h e r  energy  gamma-rays 
w i l l  p e n e t r a te  th e  edges o f  th e  c o l l im a to r ,  a s  h as  seen  in  s e c t io n  5 .4 .3  
which w i l l  s l i g h t l y  in c re a s e  i t s  e f f e c t i v e  diameter® T h is  in c re a s e  in
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energ y  w i l l  a l s o  in c re a s e  th e  p o s s i b i l i t y  o f  forw ard  Compton s c a t t e r in g  
in t o  th e  d e te c to r  th e  p o in t  so u rce  i s  n o t  d i r e c t l y  fa c in g  th e
c o l l im a to r 's  e n te re n c e  h o le .  S c a t te r  cau ses  some lo s s  o f  image c o n t r a s t ,  
s l i g h t  b lu r r in g  o f  th e  edges and some in c re a s e  in  th e  a p p a re n t 
r a d io a c t iv i ty  (Oppenheim, 1 9 84 ). These f a c to r s  can be seen  n o t on ly  in  
F ig u re s  6 .1 8  b u t a l s o  in  th e  images o f o th e r  so u rces  a s  w e ll  in  which th e  
edges o f th e  image a r e  n o t  u p r ig h t  (as  th e  p h y s ic a l f e a tu r e  o f th e  
p l a s t i c  c o n ta in e r s  su g g e s ts )  b u t s la n t in g  s l i g h t l y .  T here i s  a l s o  an 
a p p a re n t in c re a s e  in  r a d io a c t i v i t y  a t  th e  p e r ip h e ry  o f th e s e  im ages.
6 .1 0  C obalt-57  in  a  S te e l  C o llim a to r
T h is  scan  was c a r r i e d  o u t t o  t e s t  th e  c a p a b i l i ty  o f th e  SPECT 
scan n er in  scan n in g  a  so u rce  embedded in  a  c o n ta in e r  which i s  h ig h ly  
a t te n u a t in g  e x c e p t fo r  a  sm a ll re g io n . A 370 kBq Co-57 so u rce  which 
em its  pho tons o f e n e rg ie s  14 keV (9%), 122 keV (87%) and 136 keV (11%) i s  
f ix e d  in to  one end o f a  c y l in d r i c a l  s t e e l  c o l lim a to r  o f d im ensions 15mm 
d iam ete r and 50mm lo n g . The 122 keV photons were used  in  t h i s  t r i a l .  
The sou rce  c o l l im a to r  d iam ete r was 1mm and t h i s  so u rce  c o l l im a to r  
com bination  i s  n o rm ally  used  fo r  TOT work. The d e te c to r  c o l l im a to r  used  
was a  1mm d iam ete r c i r c u l a r  c o l l im a to r .  The scan  p a ram e te rs  a re  g iv en  
below ;
Number o f  s te p s = 60
Number o f p r o je c t io n s  = 60
S te p  le n g th  
A ngular sp ac in g
= 1mm
= 3 d eg rees
C ounting tim e  p e r  raysum = 20 seconds
The re c o n s tru c te d  im ages o f Co-57 a re  shown in  F ig u re s  6 .2 0 (a )  and (b) 
r e s p e c t iv e ly .  I t  can  be seen  t h a t  th e  sou rce  i s  lo c a te d  a t  one end o f
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( a )  ( b )
F i g u r e  6 . 2 0 .  I m a g e  o f  C o - 5 7  in  a s t e e l  c o l l i m a t o r  
a n d  i t s  3 - D  p l o t
( a )  ( b )
F i g u r e  6 . 2 1 .  I m a g e  o f  K r - 8 5  in  p e r s p e x  a n d  
i t s  3 - D  p l o t .
2 1 5
t h e  c o l l im a to r  rod  in  o rd e r  to  produce a  f in e  beam of pho to n s.
Com parison can be made w ith  F ig u re  6 .2 0 (c )  which shows th e  sk e tch  o f th e
so u rc e  assem bly . F ig u re  6 .2 0 (c )  shows a  somewhat T~shape c o n f ig u ra tio n . 
The t a i l  e f f e c t  may be due to  some pho tons t h a t  a r e  a b le  t o  p e n e tra te  th e
s id e s  n e a r  th e  so u rce  a s  w e ll  a s  th e  s h o r t  end o f th e  c o llim a to r  th rough
th e  s t e e l  c o n ta in e r .
T h is  t e s t  image p ro v es  t h a t  th e  em ission  scan n er and th e  re c o n s tru c tio n  
te c h n iq u e  used a re  c a p a b le  o f id e n t ify in g  th e  p o s i t i o n  of th e  source  
a lth o u g h  p a r t  o f th e  o b je c t  in  which th e  sou rce  i s  embedded a llow s many 
p h o to n s  t o  emerge w h ile  i t s  o th e r  p a r t  h ig h ly  a t te n u a te s  them . I t  
s u g g e s ts  t h a t  so u rc e s  embedded in  uneven and h ig h ly  a t te n u a t in g  m a te r ia ls  
can  be scanned  and lo c a te d .
6 .1 1  K ry p to n -85 in  P erspex
A 7 .4  MBq Kr-85 r a d io a c t iv e  gas co n ta in ed  in  a  p e rsp ex  screw , 15mm 
d ia m e te r  and 25mm lo n g , was scanned . The window was s e t  on th e  514 keV 
f u l l - e n e r g y  p eak . A 1 mm wide and 10cm long s l i t  c o l l im a to r  was made fo r  
th e  d e te c to r  by p u t t in g  le a d  s la b s  to g e th e r .  The scan  param eters  a re  
g iv e n  below .
F ig u re  6 .2 0 (c )s  Sketch o f Co-57 so u rce  assem bly .
Number o f s te p s = 40
Number o f p r o je c t io n s  = 30
S tep  le n g th = 1 mm
A ngular sp ac in g = 6 d eg rees
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Counting tim e per raysum = 60 seconds
The re c o n s tru c te d  image and i t s  3 -d im en s io n a l p l o t  a r e  shown in  F ig u re s  
6 .2 1 (a )  and (b) r e s p e c t iv e ly .  I t  can  be seen  t h a t  th e  r a d io a c t iv e  gas 
w hich  i s  in v i s i b l e  p h y s ic a l ly ,  i s  v i s i b l e  in  th e  re c o n s tru c te d  image 
q u i t e  c l e a r ly .  In  o th e r  words th e  em issio n  scan n er i s  q u i te  c a p a b le  o f 
id e n t i f y in g  th e  r a d io a c t iv e  g as  in s id e  an o th e r  medium. T h is  example i s  
an  u n u su a l example in  t h a t  th e  s e l f - a b s o r p t io n  w ith in  th e  r a d io a c t iv e  
medium i s  n e g l ig ib l e ,  a lth o u g h  some a t te n u a t io n  o ccu rs  in  th e  su rro u n d in g  
e n c a p s u la t i  on .
6 .1 2  Tellerium -123m  L iq u id  Source
T h is scan  was one o f th e  f i r s t  few scan s  perform ed when th e  
e m is s io n  scan n er was s t i l l  in  th e  d e v e lo p m e n t s ta g e .  A l i q u id  Te-123m 
s o u rc e  which em its  90 keV and 159 keV pho tons was f i l l e d  in to  a  50mm 
d ia m e te r  p l a s t i c  b o t t l e .  The ND66 m u ltich an n e l a n a ly se r  (d e sc r ib e d  in  
s e c t i o n  2 .5 .2 )  was used  w ith  th e  scan n er t o  c o l l e c t  th e  d a ta  in s te a d  o f 
th e  SCA and th e  c o u n te r / t im e r .  The d a ta  were c o l le c te d  from th e  two 
f u l l - e n e r g y  peak re g io n s  by s e t t i n g  th e  re g io n  o f i n t e r e s t  on th e  two 
f u l l - e n e r g y  peaks a t  90 keV and 159 keV, in  o rd e r  to  t e s t  th e  scan n er 
perfo rm ance  fo r  m u lti-e n e rg y  s c a n s .  The scan  p aram ete rs  a re  g iv en  below .
Number o f s te p s 80
Number o f p r o je c t io n s  = 30
S tep  le n g th  
A ngular sp ac in g
= 1mm
= 6 deg rees
C ounting tim e  p e r  raysum = 60 seconds
The d e te c to r  c o l l im a to r  used  was a  1mm d iam ete r le a d  c o l l im a to r .  The
phantom was p la c e d  on th e  t u r n - t a b l e  150mm away from th e  d e te c to r .  The
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reco n stru c ted  im ages fo r  90 keV and 159 keV photons a r e  shown in  F igu re  
6 .2 2 (a )  upper and lo w e r, r e s p e c t iv e ly .  The d if f e r e n c e  in  bo th  th e  images 
can  be c l e a r l y  seen  from th e  r e s p e c t iv e  l i n e  scan s  th ro u g h  th e  image. 
The cupping in  th e  m iddle o f th e  159 keV image i s  l e s s  th a n  th e  90 keV 
p h o to n s im age. T h is  i s  due t o  th e  h ig h e r energy  o f th e  form er which 
r e s u l t s  in  l e s s  a t te n u a t io n .  The is o m e tr ic  p lo t s  o f th e  im ages a re  shown 
i n  F ig u re  6 .2 2 (b ) and (c) r e s p e c t iv e ly .  The cupping in  th e  m iddle of th e  
im ages can a l s o  foe seen  in  th e  3 -d im en sio n a l p l o t s .
T h is  ex p erim en t d em o n stra te s  t h a t  t h i s  scanner s e t - u p  i s  capab le  o f 
p e rfo rm ig  m u lti-e n e rg y  s c a n s . However th e  ND66 MCA i s  a  c o s t ly  machine
w hich i s  b e in g  u sed  f o r  long  and low le v e l  co u n tin g  m ainly  w ith  a  Ge(Li)
d e t e c to r .  The ND66 MCA can  be re p la c e d  w ith  two s in g le  channe l a n a ly se rs  
and two c o u n te r / t im e r s  t o  c o l l e c t  d a ta  in  two s e p a ra te  ch an n e ls  from th e  
two d i f f e r e n t  energy  re g io n s .  The r e c e n t  v e rs io n  o f th e  em issio n  scanner 
c o n t ro l le d  by th e  HP-9836C m icrocom puter has th e  c a p a b i l i ty  o f doing 
m u lti-e n e rg y  s c a n s .
A m u lt ip le  en erg y  te c h n iq u e  t o  c o r r e c t  fo r  a t te n u a t io n  i s  d e sc r ib e d  in  
s e c t io n  4 .8 .2  and i f  a  scan n er i s  cap ab le  o f doing m u lti-e n e rg y  
scan n in g  th e n  such  a  c o r r e c t io n  te ch n iq u e  w ith  a d d i t io n a l  m athem atical 
m a n ip u la tio n  can  be used  f o r  a t te n u a t io n  c o r r e c t io n .  A l te rn a t iv e ly ,  a 
s im u ltan e o u s  em iss io n  and tra n s m is s io n  scan  u sing  two energy  so u rces  can 
be c a r r i e d  o u t w ith  one channe l m easuring th e  co u n ts  from th e  
tra n s m is s io n  so u rc e  and o th e r  channe l m easuring th e  co u n ts  from th e  
e m iss io n  s o u rc e .  Then th e  com pensation  fo r  a t te n u a t io n  i s  c a r r i e d  o u t as 
d e s c r ib e d  in  s e c t io n  6 .8 .  However, s in c e  th e  energy  o f th e  two so u rces  
w i l l  be d i f f e r e n t ,  e x a c t com pensation  w i l l  n o t be ach iev ed  u n le s s  r e s u l t s
a r e  e x t r a p o la te d  t o  th e  e n e rg ie s  o f i n t e r e s t .  The advan tage o f
sim u ltan e o u s  t r a n s m is s io n  and em issio n  scans i s  t h a t  th e  t o t a l  scan  tim e 
w i l l  be reduced  compared t o  th e  two s e p a ra te  s c a n s , and a l s o  th e  problem 
o f r e p o s i t io n in g  th e  sam ple fo r  su c c e ss iv e  scan s  i s  av o id ed . Normally
e
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( a )
( b )
F i g u r e  6 . 2 2 .  I m a g e s  o f  T e - 1 2 3 m  l i q u i d  s o u r c e  
a n d  i t h e i r  3 - D  p l o t s .
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th e  sc a n s  in  TCT a r e  perform ed  t o  h ig h e r  s t a t i s t i c s  fo r  adequa te  accu racy  
b u t  in  t h i s  ca se  th e  tr a n s m is s io n  scan  i s  perform ed t o  p ro v id e  th e  
a t te n u a t io n  c o e f f i c i e n t s  fo r  c o r r e c t io n  and low er s t a t i s t i c a l  p re s io n  i s  
a d eq u a te  in  t h i s  ca se  u n le s s  th e  c o r r e c t io n s  a re  v e ry  la rg e .
The same d u a l channe l co u n tin g  system  can be used fo r  s c a t t e r  c o r r e c t io n  
by c o l le c t in g  th e  s c a t t e r  c o u n ts  in  th e  second channe l and s u b tr a c t in g  
them , a f t e r  n o rm a lis in g  by an a p p ro p r ia te  f a c t o r ,  from th e  fu l l - e n e rg y  
window c o u n ts .
M u lti-e n e rg y  scann ing  i s  e q u a l ly  im p o rta n t in  TCT and Compton s c a t t e r in g  
tom ography. A m u lt ip le  energy  pho ton  source  can  be used fo r  e lem en ta l 
a n a ly s i s  o f th e  scanned  o b je c t  in  tra n s m is s io n  tomography because th e  
v a r io u s  c o n s t i tu e n ts  o f th e  o b je c t  w i l l  pose d i f f e r e n t  a t te n u a t io n  fo r  
d i f f e r e n t  photon  e n e rg ie s .  A problem  t h a t  alw ays a r i s e s  i s  t h a t  o f th e  
Compton components o f th e  h ig h e r  energy  pho tons which u n d erly  th e  
f u l l - e n e r g y  peaks o f  th e  low er energy  p h o to n s. Compton s c a t t e r in g  
tom ography w i l l  a l s o  b e n e f i t  from m u lt ip le  energy  scann ing  s in c e  s e v e ra l  
windows can be used  t o  b ra c k e t  d i f f e r e n t  re g io n s  on th e  Compton spectrum  
t o  in c re a s e  th e  d a ta  r a t e  by u s in g  an u n co llim a ted  d e te c to r .  
M u lti-e n e rg y  tra n s m is s io n  scan s  can a l s o  be used t o  f in d  th e  a t te n u a t io n  
c o e f f i c i e n t s  o f each  p ix e l  a s  a  fu n c tio n  o f energy  and th e  d a ta  can be 
in t e r p o la te d  t o  f in d  th e  v a lu e s  fo r  in te rm e d ia te  e n e rg ie s .
6 .1 3  S o il  Sample Scans
Some r a d io a c t iv e  s o i l  c o re  sam ples w ere o b ta in e d  from th e  
R a d ia tio n  L a b o ra to r ie s  o f th e  P h y sics  D epartm ent where th e y  had 
p re v io u s ly  been used  in  r a d io n u c lid e  p ro te c t io n  m easurem ents. These 
sam ples now c o n ta in e d  m ain ly  Cs-134 s in c e  th e  o r ig in a l  s h o r t - l i f e  
n u c l id e s  had decayed t o  a  low l e v e l .  A few sam ples w ere t e s t e d  and a
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r e l a t i v e l y  a c t iv e  sam ple was chosen  fo r  scan n in g . The p l a s t i c  sam ple 
c o n ta in e r  d iam ete r was 160mm. S ev e ra l scans w ere c a r r i e d  o u t w ith
d i f f e r e n t  scan  p a ra m e te rs  and a t  d i f f e r e n t  p o s i t io n s  a c ro s s  th e  s o i l  
colum n, and th r e e  sc a n s  w i l l  be d isc u sse d  h e re . These scan s  w ere c a r r i e d  
o u t  by windowing th e  604 keV, 796 keV fu ll - e n e rg y  peaks and s c a t t e r in g  
re g io n  (v a lley ) n e x t t o  th e  604 keV fu ll - e n e rg y  p eak . The d e te c to r  
in c lu d e d  a  2mm x 20[ran le a d  c o l l im a to r .  These scan s  w ere c a r r i e d  o u t a t  
th e  same p o s i t io n s  and w ith  th e  same scan  p a ra m e te rs  which a r e  g iven  
below .
Number o f s te p s  
Number o f p r o je c t io n s  
S tep  le n g th  
A ngular sp ac in g  
C ounting  tim e  p e r  raysum
= 100
= 60 (over 360 d eg rees) 
= 2 mm 
= 6 deg rees  
= 60 seconds
The coun tin g  tim e was shosen  t o  be 60 seconds because th e  sample was n o t 
v e ry  a c t iv e  and th e  one scan  took  abou t 104 hours t o  com plete . F ig u re  
6 .2 3 (a )  shows th e  re c o n s tru c te d  im ages fo r  604 keV (upper) and 7%  keV 
(low er) peak windows. F ig u re  6 .2 3 (b ) shows th e  r e c o n s tru c te d  im ages fo r  
th e  s c a t t e r  window ( to p  l e f t ) , fo r  604 keV ( to p  r i g h t ) , fo r  796 keV 
(bottom  r ig h t)  and th e  d i f f e r e n c e  o f th e  604 keV image and th e  s c a t t e r e d  
pho to n  image i s  shown in  th e  bottom  l e f t .  From th e  im ages i t  i s  c l e a r
t h a t  th e  Cs-134 i s  c o n c e n tra te d  in  one h a l f  o f th e  sample and th e
h o t- s p o t  i s  c l e a r ly  v i s i b l e  in  a l l  th e  im ages. The s c a t t e r  c o r r e c t io n  
does n o t appear t o  have im proved th e  image q u a l i ty  s in c e  th e  r e s u l t in g
image shows more sp re a d  o f  a c t i v i t y  th a n  th e  u n c o rre c te d  im age. T his
im p lie s  t h a t  th e  s im p le  image s u b tr a c t io n  method o f s c a t t e r  c o r r e c t io n  i s  
n o t  an e f f e c t iv e  m ethod. However th e  e l e c t r o n ic  s e le c t io n  scheme used 
d id  n o t a llo w  th e  Compton in te r f e r e n c e  from th e  796 keV spectrum  t o  be 
s u b tra c te d  from th e  604 keV window and s in c e  th e  Compton edge o f 796 keV 
o c c u rs  a t  603keV i t  i s  a  p a r t i c u l a r l y  im p o rtan t c o r r e c t io n  in  t h i s  c a s e .
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( b )
F i g u r e  6 . 2 3 .  I m a g e s  o f  s o i l  s a m p l e
F i g u r e  6 . 2 4 .  I m a g e s  o f  C s - 1 3 7  l i q u i d  s o u r c e .
2 2 2
6.14 Caesium-137 Lguid Source
The main problem  w ith  t h i s  so u rce  was th e  s h ie ld in g  o f th e  sou rce  
fo r  s a f e ty  re a so n s  and th e  c o l l im a tio n  o f th e  d e te c to r  a s  d e sc r ib e d  in  
s e c t io n  5 .7 .3 .  As h as  been seen  in  c h a p te r  5 th e  d e te c to r  c o llim a to r  has 
t o  be th ic k  enough to  p re v e n t th e  s e p ta  p e n e t r a t io n .  The b ig  ja c k e t  ty p e  
s l i t  c o l l im a to r  of le a d  (F ig u re  5 .3 ) was used  fo r  t h i s  so u rc e . A le a d  
w a ll  was c o n s tru c te d  f o r  s h ie ld in g  o f  th e  so u rce  by p u t t in g  le a d  b r ic k s  
to g e th e r .
A caesium -137 c h lo r id e  s o lu t io n  in  w a te r c o n ta in in g  5 .1 8  MBq in  200ml of 
s o lu t io n  in  a  p l a s t i c  b o t t l e  of d iam ete r 76mm was u sed . S ev era l scan s  
w ere c a r r i e d  o u t w ith  d i f f e r e n t  scan  p a ram ete rs  and w ith  d i f f e r e n t  energy  
windows. Some o f th e  scan s  a re  d isc u sse d  below .
The f i r s t  scan  was c a r r i e d  o u t w ith  th e  662 keV gamma pho tons. The 
662 keV fu l l - e n e rg y  peak was b ra c k e te d  w ith  th e  SCA and th e  coun ts  w ere 
c o l le c te d  fo r  a  f ix e d  tim e . The scan  p aram ete rs  fo r  t h i s  scan  a re  as  
fo llo w s ;
Number o f S tep s  
Number of P ro je c t io n s  
S tep  le n g th  
A ngular s t e p  le n g th  
C ounting tim e  p e r raysum
= 70
= 90 (over 360 deg rees) 
= 1 .5  nm 
= 4 d eg rees  
= 20 seconds
The scan  d a ta  was c o r re c te d  fo r  background r a d ia t io n  a s  d e sc rib e d  in  
s e c t io n  6 .4  and th e  d a ta  was th e n  r e c o n s tru c te d  u s in g  th e  f i l t e r e d  
b a c k -p ro je c tio n  m ethod.
For s c a t t e r  c o r r e c t io n  an o th e r  scan  was c a r r i e d  o u t by windowing th e
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s c a t t e r  re g io n  (420 .8  keV -  594 keV). The scan  p a ram e te rs  w ere k ep t th e  
same a s  fo r  th e  f u l l - e n e r g y  peak s c a n . The s c a t t e r  c o r r e c t io n  was done 
by s u b tr a c t in g  th e  s c a t t e r  re g io n  c o u n ts , m u l t ip l ie d  by th e  f a c to r  K=0.5, 
from th e  f u l l - e n e r g y  c o u n ts  p r io r  t o  th e  r e c o s t  r u c t io n  and th e  
r e c o n s tru c t io n  was done w ith  th e  c o r re c te d  d a ta .  The re c o n s tru c te d  
im ages o f th e  u n c o rre c te d  f u l l - e n e rg y  peak scan  and s c a t t e r  ev en ts  scan  
a r e  shown in  F ig u re s  6 .2 4 (a )  to p  l e f t  and bottom  r i g h t ,  r e s p e c t iv e ly .  
The re c o s tru c te d  image o f th e  d a ta  from th e  s c a t t e r  re g io n  scan  i s  q u i te  
i n t e r e s t i n g .  I t  i s  r e l a t e d  t o  th e  Compton s c a t t e r in g  tonography , and 
work on t h i s  b ranch  o f tom ography i s  be ing  c a r r i e d  o u t in  t h i s  departm ent 
[B alogun, 1986] • The s c a t t e r  c o r re c te d  image i s  shown in  th e  same f ig u r e  
bottom  l e f t .  The image q u a l i ty  has c e r t a in ly  improved w ith  th e  s c a t t e r  
c o r r e c t io n .
An in t e r e s t in g  th in g  was n o ted  d u rin g  th e  c o r r e c t io n  p ro c e s s e s . B efore 
s t a r t i n g  th e  scan  th e  r a d io a c t iv e  o b je c t  i s  moved on th e  tu r n - t a b le  u n t i l  
i t  i s  o u t o f th e  l i n e  o f  s ig h t  o f th e  c o l lim a to r  so  t h a t  fo r  th e  f i r s t  
few s te p s  th e  o b je c t  i s  n o t in  f r o n t  o f th e  c o l l im a to r .  The co u n ts  
c o l le c te d  when th e  o b je c t  i s  n o t in  f r o n t  o f th e  c o l l im a to r  h o le  w i l l  be 
due t o  background o r due to  tra n s m is s io n  th rough  th e  c o llim a to r  fa c e  o r
due t o  s c a t t e r in g  from o th e r  equipem ent in  th e  su rro u n d in g s . We took  th e
av erag e  o f th e  f i r s t  and th e  l a s t  raysum of each p ro je c t io n  and 
s u b tr a c te d  t h i s  co u n t from each raysum of th e  co rresp o n d in g  p r o je c t io n .  
The d a ta  was th e n  r e c o n s tru c te d  w ith o u t any o th e r  c o r r e c t io n s .  The 
r e s u l t in g  image by t h i s  method i s  shown in  th e  to p  r i g h t  of th e  same 
f ig u r e .  The sp u rio u s  h o t- r im  e f f e c t  shown in  th e  re c o n s tru c te d  image o f 
f u l l - e n e r g y  image h as  been  removed by t h i s  method. T h is  tech n iq u e  was
" i i
th e n  a p p lie d  t o  a lm o st a l l  scan  d a ta .  T h is  i s  an easy  tech n iq u e  and does
1 j
n o t  r e q u ire  any d u a l scan  fo r  background and s c a t t e r  c o r r e c t io n  or - any 
e x t r a  e l e c t r o n ic s  fo r  d u a l channel c o u n tin g . /
A nother scan  o f th e  same phantom was c a r r i e d  o u t w ith  th e  32 keV
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p a ra m e te rs  w ere k e p t th e  same ex cep t t h a t  th e  co u n tin g  tim e was in c re a se d
t o  30 seconds t o  g e t  more c o u n ts . F ig u re  6 .2 4 (b ) shows th e  re c o n s tru c te d
im ages o f sc a n s  w ith  662 keV fu l l - e n e rg y  peak window (upper) and w ith  th e
32 keV energy  (low er) a long  w ith  t h e i r  r e s p e c t iv e  l i n e  sc a n s . The 32 keV
sc a n  d a ta  was c o r r e c te d  u s in g  th e  c o n s ta n t  v a lu e  of a t te n u a t io n
” 1c e o r f i c i e n t  fo r  w a te r  a t  t h i s  energy  (0.027 mm ) .
6 .1 5  Technetium™99m L iq u id  Source
c h a r a c te r i s t i c  X-ray peak. The d e te c to r  c o llim a to r and th e  scan
Technetium-99m i s  w ide ly  used in  n u c le a r  m edicine and fo r  our 
e x p e rim e n ta l work t h i s  so u rce  was o b ta in e d  from S t .  L uke 's  h o s p i ta l  in  
G u ild fo rd  q u i t e  a  few tim e s . Tc-99m em its  s e v e ra l  gamma-ray e n e rg ie s  bu t 
th e  w id e ly  used  e m iss io n s  a re  th e  140.5  keV p h o to n s .
A phantom was made o f 424 MBq Tc-99m in  220 ml w ater co n ta in ed  in  a 
p l a s t i c  c o n ta in e r  o f d iam ete r 116mm. The ja c k e t  ty p e  1.5mm x 20mm s l i t  
le a d  c o l l im a to r  was used  fo r  d e te c to r  c o l l im a tio n .  The scan  p aram eters  
a r e  g iv e n  below .
Number o f s te p s  = 90
Number o f p ro je c t io n s  = 120 (over 360 degrees)
S te p  le n g th  = 1 .5  mm
A ngular spac in g  = 3 d eg rees
C ounting  tim e p e r raysum = 4 second
The w hole scan  to o k  abou t 15 hours to  com plete  w h ile  th e  a c tu a l  t o t a l  
tim e  was 12 h o u rs . The a d d i t io n a l  3 hours t o  com plete  th e  scan caused  by 
th e  tim e re q u ire d  t o  s te p  th e  sample between each  raysum and between each 
p r o je c t io n  a s  d e s c r ib e d  in  s e c t io n  6 .6 .  T h is  e x t r a  tim e to g e th e r  w ith  
th e  a c tu a l  co u n tin g  tim e i s  ta k e n  c a re  o f in  th e  decay c o r r e c t io n
( a ) ( b )
F i g u r e  6 . 2 5 .  ( a )  &  ( b )  T c - 9 9 m  i m a g e s  c o r r e c t e d
f o r  a t t e n u a t i o n .
F i g u r e  6 . 2 5  ( c ) & ( d )  T c - 9 9 m  i m a g e s  c o r r e c t e d  f o r  
d i f f e r e n t  a t t e n u a t i o n  c o e f f i c i e n t  v a l u e s .
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F ig u re  6 .2 6 ; T h ree -d im en sio n a l p lo t s  o f Te-99m
( a ) . C o rre c te d  fo r  decay  b u t n o t c o r re c te d  f o r  a t t e n u a t io n .
( b ) . C o rrec ted  fo r  decay and a t te n u a t io n .
s o f tw a re .  The re c o n s tru c te d  image o f decay c o r re c te d  (bu t u n c o rre c te d  
f o r  a t te n u a t io n )  p r o je c t io n  d a ta  i s  shown in  F ig u re  6 .25  (a) ( lo w e r) . 
The r e c o n s tru c te d  image d e p ic ts  t h a t  th e re  i s  l e s s  a c t i v i t y  in  th e  
c e n t r a l  re g io n s  o f  th e  so u rce  a s  compared to  th e  o u te r  re g io n s . The l i n e  
s c a n  th ro u g h  th e  image shews th e  cupping tow ards th e  c e n tre  o f th e  so u rce  
w hich  i s  due t o  th e  g r e a te r  a t te n u a t io n  o f th e  pho tons t h a t  come from th e  
in n e r  p a r t s  o f th e  so u rc e .
The a t te n u a t io n  c o r re c tio n ?  w ere c a r r i e d  o u t u s in g  th e  methods d e sc r ib e d  
i n  s e c t io n s  4 .8 .2 .1 (b )  and ( c ) . h  c o n s ta n t  a t te n u a t io n  c o e f f i c ie n t  was 
assum ed fo r  c o r r e c t io n  s in c e  th e  so u rce  was o f uniform  d e n s ity .  A l i n e a r  
a t t e n u a t io n  c o e f f i c i e n t  o f 0.015mm* was used  fo r  140keV photons in  w a te r 
[S u b b e ll ,  1 9 6 9 ]. The r e s u l t in g  decay and a t te n u a t io n  c o r re c te d  
r e c o n s tru c te d  im ages a re  shown in  F ig u re  6 .2 5  (a) (upper) u s in g  th e  
g e o m e tr ic  mean c o r re c to r  ( s in e  h y p e rb o lic  c o r r e c t io n  method) and in  
F ig u re  6 .2 5  (b) (upper) u s in g  th e  average  of th e  ex p o n e n tia l f a c to r  
m ethod. The 3 -d im en sio n a l p lo t s  o f  th e  u n c o rre c te d  and c o r re c te d  fo r  
a t t e n u a t io n  im ages a re  shown in  F ig u re s  6 .26 (a) and (b) r e s p e c t iv e ly .  
T h ere  i s  a  rem arkab le d i f f e r e n c e  betw een th e  two im ages. The l i n e  scan s  
th ro u g h  th e  im ages, on t h e i r  r e s p e c t iv e  r i g h t s ,  show th e  d if fe re n c e  q u i t e  
c l e a r l y .  I t  i s  c l e a r  from th e  two f ig u re s  t h a t  th e re  i s  n o t  much 
d i f f e r e n c e  in  th e  two a t te n u a t io n  c o r r e c t io n  m ethods. T his i s  due t o  th e  
f a c t  t h a t  th e  phantom was sym m etrica l and th e  a c t i v i t y  was u n ifo rm ly  
d i s t r i b u t e d  so  th e  a r i th m e t ic  and g eo m etric  means w i l l  be th e  same. 
T h e re fo re  a  s im p l i f ic a t io n  can  be in tro d u c e d  when scanning  an o b je c t  
w hich  i s  known t o  be sym m etrica l s in c e  th e  p ro je c t io n  Al and i t s  
c o n ju g a te  A2 w i l l  be th e  same and hence 180 d eg ree s  scan  i s  s u f f i c i e n t .
The s c a t t e r  c o r r e c t io n  was a l s o  c a r r i e d  o u t u sing  sm a lle r  v a lu e s  o f th e  
a t te n u a t io n  c o e f f i c i e n t  a s  d e s c r ib e d  in  s e c t io n  4 .9 .1 .  The r e s u l t in g
n  — ^
ie jges a r e  shown in  F ig u re s  6 .2 5  (c) fo r  0.014mm (upper) and
-1 —1 0.013mm (lo w e r) , and in  F ig u re  5 .2 5  (d) fo r  0.015mm (upper) and
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0.0135mm (low er) a t te n u a t io n  c o e f f i c i e n t  v a lu e s .  The im ages a r e  v ery  
w e ll  d e f in e d  and a p p a re n tly  th e r e  i s  n o t  much d if f e r e n c e  between them fo r  
th e s e  v a lu e s  o f  a t te n u a t io n  c o e f f i c i e n t s .  But fo r  low er v a lu e s  th e  
h o t- r im  e f f e c t s  w i l l  s t a r t  a p p e a r in g , a s  i s  s l i g h t l y  e v id e n t  in  th e  
ju=0,13mm 1 im age.
A part from th e  e x p e rim en ta l scan  d a ta ,  computer s im u la te d  phantom d a ta  
f o r  Tc-99m was g e n e ra te d  fo r  a  un ifo rm ly  d i s t r i b u t e d  so u rce  in  t i s s u e  
e q u iv a le n t  m a te r ia l .  T h is  s im u la te d  d a ta  was th e n  c o r r e c te d  fo r  
a t te n u a t io n  fo r  bo th  th e  c o n s ta n t  a t te n u a t io n  and v a r ia b le  a t te n u a t io n  
c a s e .  In  th e  l a t t e r  case  th e  s im u la te d  d a ta  fo r  th e  tr a n s m is s io n  scan  
was a l s o  g e n e ra te d . In  th e  c o n s ta n t  a t te n u a t io n  case  th e  a lg o rith m  f i r s t  
c a l c u la te s  th e  a t te n u a t io n  f a c to r s  u sing  th e  chosen  a t te n u a t io n  
c o e f f i c i e n t  and th e n  m u l t ip l ie s  th e  em ission  d a ta  w ith  th e  co rresp o n d in g  
a t te n u a t io n  f a c to r s  fo r  each  p ix e l .  In  th e  v a r ia b le  a t te n u a t io n  case  th e  
tr a n s m is s io n  scan  d a ta  i s  f i r s t  r e c o n s tru c te d  t o  de te rm in e  th e  
a t te n u a t io n  c o e f f i c i e n t s  f o r  each p ix e l ,  th en  th e  a t te n a u t io n  f a c to r s  a re  
c a lc u la te d  fo r  each p ix e l  u s in g  th e  co rresp o n d in g  a t te n u a t io n  v a lu e s  and 
th e n  th e  em issio n  d a ta  i s  p a sse d  t o  th e  a lg o rith m . The r e c o n s tru c t io n  
a lg o rith m  th e n  w eig h ts  ev e ry  p r o je c t io n  acco rd ing  t o  t h e i r  r e s p e c t iv e  
a t te n u a t io n  f a c to r s  and th e  re c o n s tru c t io n  i s  perfo rm ed  u s in g  th e  
c o r re c te d  d a ta .  T h is  method i s  an id e a l  method fo r  b o th  th e  uniform  and 
non™uniform o b je c ts .  But i t  needs a  l o t  o f com puting tim e  as  w e ll  a s  a  
la rg e  com puter memory fo r  a t te n u a t io n  c o e f f i c i e n t  s to r a g e ,  th e  
c a lc u la t io n  and s to ra g e  o f  th e  a t te n u a t io n  f a c to r s  b e fo re  w e ig h tin g  each  
p r o je c t io n  w ith  th e  co rresp o n d in g  a t te n u a t io n  f a c to r s  fo llo w ed  by 
re c o n s tru c t io n  o f th e  c o r r e c te d  d a ta .  The com puting tim e can be 
c o n s id e ra b ly  d ec re ase d  by choosing  few er i t e r a t i o n s  and i f  a  low er 
accu racy  i s  to l e r a b le  th e n  uniform  a t te n u a t io n  can be assumed w hich w i l l  
d ec re a se  th e  com puting tim e  a s  w e ll  a s  th e  memory re q u ire m e n ts .
I f  th e  o b je c t  t o  be scanned  i s  sym m etrica l and th e  a c t i v i t y  in  i t  i s
-1
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u n ifo rm ly  d i s t r i b u t e d ,  th e n  th e  s im p le  and q u ick  c o r r e c t io n  methods (as 
u se d  in  t h i s  work) a long  w ith  th e  f i l t e r d  b a c k -p ro je c tio n  re c o n s tru c tio n  
te c h n iq u e s  g iv e  re a so n a b le  r e s u l t s .
6 .1 6  Io d in e-1 2 5  L iq u id  Source
Iod ine-125  i s  a  low energy  so u rce  and em its  35 keV (7%) and
27-32 keV (138% te l le r iu m  K X -ra y s ) . T h is so u rce  was o b ta in e d  from th e  
B io c h em is try  Departm ent o f t h i s  U n iv e rs ity  in  th e  amount o f 37MBq in  
0 .5m l o f s o lu t io n .  T h is  was d i lu te d  by adding d e - io n is e d  w ater to  make 
d i f f e r e n t  phantom s, in c lu d in g  th e  3 -so u rc e  phantom, c o s tru c te d  fo r  th e  
o p t im is a t io n  o f scan  p a ram e te rs  a s  h a s  a lre a d y  been d isc u sse d  in  s e c t io n  
6 .3 .  The rem aining 1 4 .8  MBq o f t h i s  so u rce  was d i lu te d  in  200ml o f w ater
i n  a  p l a s t i c  b o t t l e  of d iam ete r 76mm. T h is  phantom was th e n  scanned  by
b ra c k e tin g  th e  27 keV X -ray p eak . S e v e ra l scan s  w ere perform ed o f t h i s  
phantom w ith  d i f f e r e n t  scan  p a ra m e te rs . A s e le c t io n  o f them w i l l  be
d is c u s s e d  h e re .  The scan  p a ram e te rs  f o r  th e  f i r s t  scan  a re  g iven  below .
Number o f s te p s  
Number o f p ro je c t io n s  
S tep  le n g th  
A ngular sp ac in g  
co u n tin g  tim e p e r  raysum
= 60
= 90 (over 360 deg rees) 
= 1 .5  mm 
= 4 d eg rees  
= 10 seconds
The d e te c to r  c o llim a to r  used  was th e  1.5mm x 20mm ja c k e t  ty p e  le a d
c o l l im a to r .  Hie whole scan  to o k  ab o u t 17 h o u rs . H ie d a ta  was th e n
c o r r e c te d  fo r  decay, u s in g  th e  r e p o r te d  h a l f - l i f e  o f 60 days b u t th e
c o r r e c te d  and u n c o rre c te d  d a ta  w ere a lm ost th e  same a s  d e sc r ib e d  e a r l i e r
in  s e c t io n  6 .6 .  The a t te n u a t io n  com pensation was done by u sing
”1
e q u a t io n  4 .7 4  and assum ing a  c o n s ta n t  a t te n u a t io n  c o e f f i c i e n t  o f 0.027mm 
th ro u g h o u t th e  phantom. F ig u re  6 .2 7  (a) shows th e  images
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F i g u r e  6 . 2 7 .  I m a g e s  o f  1 - 1 2 5  l i q u i d  s o u r c e  ,
a t t e n u a t i o n  c o r r e c t e d  a n d  u n c o r r e c t e d .
c o r r e c te d  (upper) and n o t  c o r r e c te d  (low er) to g e th e r  w ith  t h e i r  l i n e  
s c a n s  ( r i g h t ) .  The d i f f e r e n c e  betw een images c o r re c te d  and u n c o rre c te d  
f o r  a t te n u a t io n  i s  c l e a r l y  v i s i b l e .
I d e a l ly  in  a  u n ifo rm ly  d i s t r i b u t e d  source  w ith  no a t te n u a t io n ,  th e  
a c t i v i t y  per u n i t  volume th ro u g h o u t th e  source w i l l  be c o n s ta n t .  T h is  i s  
p ro v ed  in  th e  l i n e  scan  th ro u g h  th e  a t te n u a te d  c o r re c te d  im age. The l i n e  
s c a n  shows a l o t  o f  s p ik e s  w hich a r i s e  due t o  th e  poor s t a t i s t i c s  
in v o lv e d  in  t h i s  s c a n n in g . However, i f  th e  p ix e l  d a ta  i s  averaged  over 
g ro u p s  of p ix e l s ,  i t  can  be deduced t h a t  th e  whole sou rce  i s  a lm ost 
u n ifo rm .
In  F ig u re  6.27 (b) th e  e f f e c t  o f  sm oothing on th e  a t te n u a t io n  c o r re c te d  
im age i s  shown. The smoothed (upper) and n o t smoothed (low er) images 
a lo n g  w ith  t h e i r  l i n e  sc a n s  ( r ig h t )  a r e  shown. A lthough th e  sm oothing i s  
n o t  p e r f e c t  b u t th e  d i f f e r e n c e  in  th e  two images can be seen  in  th e  
r e s p e c t iv e  l i n e  sc a n s  (The d i f f e r e n c e  in  th e  shapes o f low er and upper 
q u a d ra n ts  of th e  p ic tu r e  i s  due t o  th e  pre™ defined shapes o f d i f f e r e n t  
q u a d ra n ts  in  th e  image a n a ly s i s  p ro g ram ).
A nother phantom u sin g  t h i s  so u rce  was made by p u t t in g  a l l  o f th e  1-125 
s o lu t io n  in  a  la r g e r  c o n ta in e r  o f d iam eter 116 mm. The d e te c to r  
c o l l im a to r  was changed t o  a  5mm d iam ete r c i r c u la r  b ra s s  c o l l im a to r ,  made 
f o r  59 .6  keV pho tons from Am-241 fo r  TCT work. The scan  p a ram e te rs  a r e  
g iv e n  below.
Number o f s te p s = 30
Number o f p r o je c t io n s  = 120 (over 360 deg rees)
S tep  le n g th *= 5 mm
A ngular sp ac in g = 3 deg rees
Counting tim e  p e r  raysum = 5 seconds
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F ig u re  6 .2 8 ; H ire e -d im s io n a l p lo t s  o f 1-125 so u rce
A
( a ) . Not c o r r e c te d  f o r  a t te n u a t io n
( b ) . C o rrec ted  fo r  a t te n u a t io n .
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F ig u re  6 .27  (©) shews th e  re c o n s tru c te d  im ages o f th e  phantom c o rre c te d  
(low er) and u n c o rre c te d  (upper) fo r  a t te n u a t io n  to g e th e r  w ith  t h e i r  l i n e
s c a n s . The l i n e  s c a n s  th ro u g h  th e  images a r e  l e s s  sp ik y  as  compared to
th e  l i n e  scan s  th ro u g h  th e  above im ages. T h is  can be a t t r i b u t e d  to  th e  
f a c t  t h a t  c o l l im a to r  w id th  i s  changed from 1.5mm to  5mm and so  th e  a re a  
o f d e te c t io n  h as  in c re a s e d  w hich has in c re a s e d  th e  co u n ts  and so  th e  
s t a t i s t i c s  has im proved. The 3 -d im ensional p lo t s  o f th e  images a re  shown 
in  F ig u re  6 .2 8  (a) and ( b ) . The p lo t  o f th e  u n c o rre c te d  image shows a 
d ip  in  th e  m iddle a t  th e  to p  w h ile  th e  c o r re c te d  image p lo t  shows th e
m idd le  p o r t io n  i s  a s  h ig h  a s  th e  edges re g io n .
6 .1 7  CONCLUSION
The r e s u l t s  p re s e n te d  in  t h i s  c h a p te r  d em o n stra te  th e  perform ance 
o f  th e  SPECT scan n e r and th e  d i f f e r e n t  c o r r e c t io n  and re c o n s tru c tio n  
te c h n iq u e s .  The sc a n n e r in  i t s  p re s e n t  form i s  c a p a b le  o f d is t in g u is h in g  
and lo c a l i s in g  d i f f e r e n t  ty p e s  o f r a d io a c t iv e  so u rc e s  in  d i f f e r e n t
ab so rb in g  m edia. The re c o n s tru c te d  images o f p o in t  so u rces  a s  w e ll as 
t h a t  fo r  a  r a d io a c t iv e  g as  t e l l s  th e  su ccess  s to r y  o f th e  SPECT scanner
and th e  r e c o n s tru c t io n  a lg o r i th m s . The e f f e c t  o f  d i f f e r e n t  c o l l im a to r s ,
t h e i r  th ic k n e s s  and w id th , a s  w e ll as th e  e f f e c t  o f th e  number of 
p r o je c t io n s ,  c o u n tin g  tim e  and number of s te p s  was in v e s t ig a te d  in  t h i s  
c h a p te r .
The r e s u l t s  show t h a t  th e  e f f e c t  o f number o f p r o je c t io n s  i s  sm a ll or
n e g l ig ib l e ,  a s  lo n g  a s  th e  number o f p ro je c t io n s  i s  g r e a te r  th an  or equal 
t o  th e  number o f raysum s p e r  p r o je c t io n .  The number o f s te p s  depends on 
th e  c o llim a to r  w id th . T h e re fo re  th e  c o ll im a to r  d im ensions e f f e c t  th e  
s p a t i a l  r e s o lu t io n  c o n s id e ra b ly  and fo r  b e t t e r  s p a t i a l  r e s o lu t io n  sm all 
w id th  c o l l im a to r s  a r e  a d v is a b le  i f  th e  coun t r a t e  p e n a l ty  i s  to l e r a b le .  
But a s  s ta t e d  e a r l i e r  good s p a t i a l  r e s o lu t io n  i s  g e n e ra l ly  l e s s  im p o rtan t
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in  EOT th an  in  TCT.
In  TCT th e  req u irem en t o f  b e t t e r  s p a t i a l  r e s o lu t io n  i s  v e ry  much demanded 
b ecau se  i t  i s  concerned  w ith  th e  d e t a i le d  s t r u c t u r e  o f th e  o b je c t being  
scanned  w h ile  in  ECT th e  p re se n c e , lo c a l i s a t i o n  and c o n c e n tra tio n  o f 
a c t i v i t y  i s  d e term ined  ov er r e l a t i v e l y  la rg e  su b -re g io n s  (organs e t c ) „ 
So fo r  ECT work th e  l a r g e r  w id th  c o l l im a to r s  can be u sed . The th ic k n e s s  
o f  th e  c o l l im a to r  sh o u ld  be s u f f i c i e n t  t o  s to p  th e  tra n sm iss io n  o f 
r a d ia t io n  th ro u g h  th e  c o l l im a to r  w a lls  t o  an ad eq u a te  e x te n t .
The c o r r e c t io n s  fo r  i n s c a t t e r ,  fo r  decay o f th e  s h o r t - l i v e d  ra d io n u c lid e s
and fo r  m a tr ix  a t te n u a t io n  o f th e  pho tons re v e a l a  rem arkable d if f e re n c e
betw een th e  c o r re c te d  and u n c o rre c te d  images and show t h a t  p ro p er
c o r r e c t io n s  sh o u ld  be made where a p p l ic a b le .  For example fo r  Cs-137 in
w a te r  in  a  sm a ll phantom does n o t  need s u b s t a n t i a l  c o r r e c t io n  fo r
a t te n u a t io n  when scan n in g  w ith  th e  662 keV p h o to n s , b u t th e re  w i l l  be
more Compton in s c a t t e r in g  due to  th e  h ig h e r en e rg y . So th e  s c a t t e r
c o r r e c t io n  may be a p p lie d  t o  t h i s  c a s e ,  a lth o u g h  th e re  i s  n o t much
In­
d if f e r e n c e  in  t h i s  m ethod^the one we used fo r  s u b tr a c t io n  of co u n ts  due
t o  g e n e ra l background and c o l l im a to r  " leakage" r a d ia t io n s .  In  f a c t  th e
l a t e r  method i s  more c o n v en ien t and saves  tim e a s  w e ll as reducing  th e
need  fo r  e x t r a  e l e c t r o n i c s .
A c o n s ta n t  a t te n u a t io n  c o e f f i c i e n t  can be assumed f o r  homogeneous o b je c ts  
and i s  e a s i l y  a p p lie d  w here th e  a c t i v i t y  d i s t r i b u t io n  i s  uniform  and t h i s  
s im p le  and qu ick  a t te n u a t io n  c o r r e c t io n  method w ith  f i l t e r e d  
b a c k -p ro je c t io n  r e c o n s tr u c t io n  a lg o rith m s  i s  g e n e ra l ly  ad eq u a te . For 
o b je c ts  o f non-uniform  a t te n u a t io n ,  th e  dual scan  method shou ld  be used  
t o  p ro v id e  an a c c u ra te  map o f a t te n u a t io n  c o e f f i c i e n t s .
In c re a s in g  th e  number o f c o u n ts  reco rd ed  g iv e s  b e t t e r  s t a t i s t i c a l  im ages. 
T h is  can be ach iev ed  by in c re a s in g  th e  c o llim a to r  w id th , in c re a s in g  th e
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co u n tin g  tim e  o r u s in g  h ig h ly  a c t iv e  o b je c t s .  For i n d u s t r i a l
a p p l ic a t io n s  w here lo n g e r  m easurement tim es  can be t o l e r a t e d ,  t h i s  can be 
done by in c re a s in g  th e  co u n tin g  tim e . In  th e  c a se  o f f i s s io n  p ro d u c ts  
in s id e  in t e n s e ly  i r r a d i a t e d  n u c le a r  f u e l  e lem en ts , narrow  c o l l im a to r s  and 
s h o r t  co u n tin g  tim e s  can be used  to  p ro v id e  h igh  r e s o lu t io n
m u l t i - i s o to p ic  im ages o f  good s t a t i s t i c a l  accu racy  in  co u n tin g  tim es  o f 
re a so n a b le  d u r a t io n .
CHAPTER 7
CONCLUSIONS
The s p a t i a l  l o c a l i s a t i o n  o f ra d io n u c lid e s  in  ab so rb in g  m edia can be 
deduced from e x te rn a l  m easurem ents o f th e  r a d ia t io n s  t h a t  reach  th e  
s u r f a c e  o f th e  a b s o rb e rs .  The d ep th  of a  p u re  b e ta - e m i t te r  can be 
d e te rm in ed  by stucfying th e  changes in  th e  spectrum  o f beta™ rays em erging 
from  th in  la y e r s  o f  m a te r ia l .  But fo r  th e  case  where th e  th ic k n e s s  of 
t h e  ab so rb e r  between so u rce  and d e te c to r  i s  g r e a te r  th a n  th e  range o f 
b e t a - p a r t i c l e s  th e n  th e  d ep th  can be determ ined  by e x te rn a l  m easurem ents 
o f  b rem sstrah lu n g  w hich i s  produced w ith in  th e  a b so rb e r . The s h i f t  in  
t h e  i n t e n s i ty  maximum o f b rem sstrah lu n g  w ith  in c re a s in g  th ic k n e s s  of 
a b so rb e r  p re s e n ts  an a c c u ra te  method fo r  in -v iv o  d e te rm in a tio n  o f dep th  
o f a  p u re  b e ta - e m i t te r  by e x te rn a l  measurements w ith o u t d is tu rb in g  th e  
o b je c t .  R e su lts  from e x p e rim e n ta l s tu d ie s  h ig h l ig h t  t h a t  th e  p o s i t io n  o f 
th e  in t e n s i ty  maximum in  th e  b rem sstrah lu n g  spectrum  i s  a  fu n c tio n  o f th e  
en e rg y  o f b e t a - p a r t i c l e s  and th e  d ep th  o f th e  so u rce  in s id e  th e  ab so rb in g  
medium.
I n i t i a l l y  th e  s h i f t  in  th e  i n t e n s i t y  maximum in  b rem sstrah lung  s p e c t r a  
f o r  P-32 and Kr-85 v a r ie s  a t  a  s im ila r  r a t e ,  b u t a s  th e  a t te n u a t io n  
c o n t in u e s ,  a f t e r  th e  s o f t e r  p a r t s  o f th e  i n i t i a l  spectrum  have been 
removed th e  rem ain ing  spectrum  s t a b i l i s e s  around a  f a i r l y  c o n s ta n t  
maximum and th e  energy  s h i f t  becomes l e s s  pronounced. T his f l a t t e n i n g  
o f f  i s  reached  a t  a  low er v a lu e  o f w ate r th ic k n e s s  fo r  Kr-85 s in c e  i t  has 
a  low er mean energy  th a n  P -32 .
The e x p e rim e n ta lly  d e te rm in ed  b rem sstrah lung  spectrum  i s  o f  g r e a t  
p r a c t i c a l  im portance . The p o s i t io n  o f  maximum in t e n s i ty  can p ro v id e  a 
means t o  determ ine th e  d ep th  o f b e ta - e m i t te r s  and knowing th e  p o s i t io n  of
*4 , V
th e  so u rc e , i t s  a c t i v i t y  can be de term ined  w hich^of g r e a t  im potance m
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many in d u s t r i a l  and m ed ica l a p p l ic a t io n s .  Oftis method can  e f f i c i e n t l y  be 
u sed  in  low Z media and th e  maximum depth  of th e  b e ta - e m i t te r  which can 
be e s t im a te d  by t h i s  method i s  a  fu n c tio n  o f b e t a - p a r t i c l e  energy  and th e  
d eg ree  o f  a t te n u a t io n .
S c a t te r - to -p e a k  r a t i o  (SPR) and p eak -to -p eak  r a t i o  (PPR) v e rsu s  th ic k n e s s  
o f  th e  a b so rb e r p r e s e n t  two methods by which th e  d ep th  o f a  photon  source 
i n  an  a b so rb e r can  be d e te rm in ed  from e x te rn a l  m easurem ents o f  cou n ts  in  
d i f f e r e n t  re g io n s  o f  th e  en erg y  spectrum  of th e  em ergent pho tons a t  th e  
s u r fa c e  o f th e  ab so rb in g  medium. For th e  SPR method two s c a t t e r  windows 
w ere chosen , one over th e  v a l le y  j u s t  below th e  f u l l - e n e r g y  peak and th e  
o th e r  around th e  Compton edge o f th e  spectrum . I t  was found t h a t  th e  
in te g r a te d  co u n ts  in  b o th  th e  s c a t t e r  reg io n s  in c re a s e  w ith  th e  source 
d e p th , due t o  th e  p re se n c e  o f more s c a t te r in g  m a te r ia l  inbe tween source 
and d e te c to r ,  w h ile  in  th e  fu l l - e n e rg y  peak th e y  d e c re a se  w ith  d e p th , due 
t o  th e  in c re a s e  in  th e  a t te n u a t io n  o f p ho tons  w ith  th e  in c re a se d  
th ic k n e s s  o f a b s o rb e r .  The PPR method (or d i f f e r e n t i a l  a t te n u a t io n  
te ch n iq u e ) i s  on ly  a p p l ic a b le  t o  m u lti-e n e rg y  p ho tons so u rc e s  o r in  th e  
c a se  of two o r more ra d io is o to p e s  p re s e n t  a t  th e  same d ep th  in  th e  
a b s o rb e r .
SPR (V) v a r ie s  more r a p id ly  w ith  dep th  than  SPR(C) so  i t  can be concluded 
t h a t  SPR(V) v e rsu s  a b so rb e r  th ic k n e s s  i s  th e  method o f ch o ice  fo r  
m o n o -en erg e tic  pho ton  so u rc e s  s i tu a te d  in s id e  a b s o rb e rs .
The v a lu e s  o f b o th  SPR and PPR a re  low er when u s in g  a  c o llim a te d  
d e t e c to r .  T h is  i s  due t o  th e  f a c t  t h a t  th e  amount o f m u ltip ly  s c a t te r e d  
p h o to n s  d e te c te d  i s  reduced  w ith  th e  c o llim a te d  d e te c to r  because o f th e  
l im i te d  f i e l d  o f v iew , w h ile  w ith  lew or no c o l l im a t io n  th e  amount of 
m u ltip ly  s c a t t e r e d  p h o to n s d e te c te d  w i l l  be l a r g e r .  T h is  means t h a t  w ith  
a  h ig h ly  c o llim a te d  system  th e  amount of m u ltip ly  s c a t t e r e d  photons 
d e te c te d  can  be reduced  and in  case  of a  p e r f e c t  c o l l im a tio n  on ly  th e
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f u l l - e n e r g y  peak and 180 b a c k s c a tte r  peak would be d e te c te d .  T hat i s
why th e  v a lu e s  o f SPR a re  h ig h e r fo r  th e  u n c o llim a te d  d e te c to r  and
r e l a t i v e l y  low er fo r  th e  c o llim a te d  d e te c to r ,  and fo r  th e  same reaso n s
th e  v a r i a t io n s  in  th e  PPR a re  r e l a t i v e l y  h ig h e r  th a n  SPRs fo r  th e
c o l l im a te d  d e t e c to r .  The change in  PPR w ith  th e  d eg ree  o f c o ll im a tio n  
m igh t be due t o  th e  R ay le ig h  s c a t t e r in g  which i s  more im portan t a t  1 ow 
e n e r g ie s ,  b u t c o l l im a tio n  reduces t h i s  i n s c a t t e r  component hence reducing  
th e  co u n ts  in  th e  low er energy  peak .
The PPR method i s  more s e n s i t i v e  fo r  p a i r s  o f peaks w ith  la rg e
d if f e r e n c e s  in  t h e i r  en e rg y . T his i s  due t o  th e  g e n e ra l ly  more ra p id  
a b s o rp t io n  o f la v  energy  p ho tons  w ith  in c re a s in g  th ic k n e s s  o f a b so rb e r , 
so  d e c re a s in g  th e  c o u n ts  in  th e  low er energy  p eak , and hence th e  PPR 
changes w ith  d e p th . More g e n e ra l ly  th e  " s o f te r "  o f  th e  two photon
e n e rg ie s  i s  a t te n u a te d  more r a p id ly ,  so  t h a t  above th e  p a i r  p ro d u c tio n  
th r e s h o ld  (1 .022 MeV) th e  h ig h e r  energy  peak i s  a t te n u a te d  more r a p id ly .
The v a lu e s  o f SPR and PPR fo r  w ater and t i s s u e  e q u iv a le n t  ru b b e r, fo r  th e  
same so u rce  and d e te c to r  geom etry and fo r  same a b so rb e r  th ic k n e s s ,  a re  
a lm o s t e q u a l .  T h is  i s  because  w ater i s  a l s o  c lo s e ly  t i s s u e  e q u iv a le n t .
The r e s u l t s  fo r  an ex ten d ed  so u rc e , a  Cs-134 volume so u rc e , a re  n o t v e ry
d i f f e r e n t  from th o se  w ith  p o in t  so u rc e s . T h is  i s  due t o  th e  f a c t  t h a t  
th e  so u rce  d im ensions w ere sm a ll compared t o  th e  a b so rb e r  d im ensions.
From th e  r e s u l t s  p re s e n te d  in  c h a p te r  3 i t  can be concluded t h a t  fo r  a 
p a r t i c u l a r  d e te c to r  and p a r t i c u l a r  s o u rc e -d e te c to r  geom etry , SPR and PPR 
te c h n iq u e s  can be used  t o  s u c c e s s fu lly  m easure th e  dep th  of a pho ton  
so u rce  in s id e  a t te n u a t in g  m edia. The r e s u l t s  o f SPR and PPR a re  s p e c i f i c  
t o  th e  d e te c to r  and g eo m e trie s  t h a t  were em ployed, b u t th e se  do en ab le  
d ep th  t o  be de term ined  by com paring th e  v a lu e s  o f SPR and PPR w ith  v a lu e s  
o b ta in e d  under s im i la r  c o n d i t io n s .  Knowledge o f th e  dep th  a t  which a
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r a d io is o to p e  i s  r e s id in g  w i l l  en ab le  th e  q u a n t i ty  p re s e n t  t o  be 
d e te rm in ed  w ith  im proved a c c u ra c y .
W ith th e  c u r r e n t  developm ent o f em ission  im aging sy s tem s , SPECT i s  now 
w id e ly  used  a s  an im p o rta n t to o l  in  n u c le a r  m edicine and i s  ex ten d in g  i t s  
u se  in  n u c le a r  in d u s t r y .  However, i t s  w idespread  u se  o u ts id e  th e  m edical 
f i e l d  i s  l im i te d  by th e  c o s t  and la c k  o f p o r t a b i l i t y .  In  n u c le a r  
in d u s try  i n t e r e s t  i s  growing in  em ploying tom ograph ic te c h n iq u e s  fo r  
n o n -d e s tru c t iv e  t e s t i n g  o f b u rn t f u e l  rods and fo r  th e  scann ing  of 
e n c a p su la te d  r a d io a c t iv e  w aste  in  o rd e r  to  lo c a te ,  id e n t i f y  and q u a n tify  
c e n t r e s  o f a c t i v i t y .  The S u rrey  tra n s m is s io n  gamma-scanner has been 
m o d ified  t o  perfo rm  a s  a  SPECT scan n er and in  i t s  p r e s e n t  form i s  cap ab le  
o f fu n c tio n in g  in  bo th  tra n s m is s io n  and e m issio n  modes, by minimal 
a l t e r a t i o n  t o  th e  s e t - u p .  T h is  SPECT scanner can  a l s o  perform  as  a
m u lti-e n e rg y  scan n e r by em ploying d u a l-c h a n n e l co u n tin g  u s in g  th e
HP-9836C m icrocom puter o r by th e  in c o rp o ra tio n  o f an MCA in to  th e  system .
The c h a r a c t e r i s t i c s  o f  th e  SPECT scan n er have been s tu d ie d .  The energy  
o f th e  r a d ia t io n s  from th e  ra d io a c t iv e  o b je c t t o  be scanned sh o u ld  be 
ta k e n  in to  acco u n t when d es ig n in g  th e  d e te c to r  c o l l im a to r .  For photon 
e n e rg ie s  around 60keV th e  b ra s s  and s t e e l  c o l l im a to r s  used  w ere 
s u f f i c i e n t  b u t f o r  h ig h e r  e n e rg ie s  a  th ic k  le a d  c o l l im a to r  shou ld  be used 
t o  av o id  th e  tr a n s m is s io n  o f  pho tons th rough  th e  fa c e  and s id e s  o f th e  
c o l l im a to r .
A number o f sc a n s  w ere c a r r i e d  o u t t o  t e s t  th e  scan n er perform ance fo r  
d i f f e r e n t  s i t u a t i o n s ,  i . e  fo r  p o in t  so u rc e s , a  ra d io a c t iv e  gas and
v a r io u s  ex tended  so u rc e s  in  l i q u id  and s o l id  fo rm s. The r e s u l t s  show
t h a t  th e  SPECT scan n e r system  i s  cap a b le  of r e c o n s tru c t in g  and d is p la y in g  
im ages o f th e  s p a t i a l  d i s t r i b u t i o n s  and r e l a t i v e  s tr e n g th s  o f  th e  
s o u rc e s .  The r e l a t i v e  so u rce  s t r e n g th s  can be c o n v e rted  t o  a b so lu te  
a c t i v i t y  c o n c e n tra t io n s  by a  sim ple  n o rm a lis a tio n .
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A number o f f a c to r s  have been s tu d ie d  t h a t  pose problem  in  ach iev in g  
a c c u ra te  q u a n t i t a t iv e  r e s u l t s  in  SPECT. The problem  of v a r ia b le  
d e te c t io n  s o l id  an g le  or g eo m e tric a l f a c to r  can be overcome by using  th e  
opposed d e te c to r  a rrangem ent. I t  h a s  been shown t h a t  u s ing  th e  geom etric  
mean o f th e  c o u n ts  from th e  two d i r e c t l y  opposed d e t c to r s  y ie ld s  average
A
c o u n ts  w hich a re  a lm ost independen t o f th e  so u rce  p o s i t io n  fo r  p o in t  
s o u rc e s ,  b u t fo r  ex tended  so u rces  g eo m etric  and a r i th m e t ic  means g iv e  
a lm o st eq u a l r e s u l t s .
The p r o je c t io n  d a ta  from a  s h o r t - l iv e d  ra d io n u c lid e  has t o  be c o r re c te d  
f o r  decay o f th e  ra d io n u lid e  d u rin g  th e  scann ing  p ro c e s s .  The p r o je c t io n  
d a ta  from a  Tc-99m ex tended  sou rce  showed a  la rg e  d if f e r e n c e  in  th e  f i r s t  
and l a s t  p r o je c t io n  v a lu e s  due t o  th e  decay o f Tc-99m du rin g  th e  scanning  
p ro ced u re  and i f  th e  scan  d a ta  i s  n o t c o r re c te d  fo r  decay i t  w i l l  produce 
wrong r e s u l t s .  The com puter so ftw are  fo r  decay c o r r e c t io n  has been shown 
t o  work p e r f e c t ly .
The most d i f f i c u l t  and fundam ental problem  in  th e  development of 
a lg o ri th m s  fo r  ECT i s  t o  e l im in a te  th e  e f f e c t  o f photon a t te n u a t io n  
in s id e  th e  o b je c t .  Most e x is t in g  a lg o rith m s  assume t h a t  th e  d e te c te d  
c o u n t r a t e  t r u l y  re p re s e n t  a  l i n e  i n t e g r a l  o f th e  so u rce  a c t i v i t y .  Due 
t o  a t te n u a t io n  in s id e  th e  o b je c t ,  how ever, th e  d e te c te d  count r a te  i s  n o t 
o n ly  an in c o r r e c t  r e p r e s e n ta t io n  o f  th e  l i n e  in t e g r a l  o f a c t i v i t y  b u t 
a l s o  in c o n s i s te n t  fo r  d i f f e r e n t  v iew ing a n g le s .  C o rre c tio n s  fo r  
a t t e n u a t io n  o f p h o to n s , in s id e  th e  sou rce  m a te r ia l  and in  th e  medium 
su rro u n d in g  th e  s o u rc e , i s  an im p o rtan t a s p e c t o f q u a n t i t a t iv e  SPECT.
Ig n o rin g  th e  photon  a t te n u a t io n  in  o b je c ts  le a d s  t o  an a r t i f i c i a l  
d e p re s s io n  in  th e  c e n t r a l  re g io n  o f th e  r e c o n s tru c te d  image. For 
inhom ogenious i r r e g u l a r ly  shaped o b je c t s ,  th e  a t te n u a t io n  c o r re c t io n  fo r  
c a lc u la t in g  th e  d i s t r i b u t i o n  o f  a c t i v i t y  th ro u g h o u t th e  re c o n s tru c te d
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s l i c e  w i l l  be an unknown f a c to r  w hich can  n o t ,  in  g e n e ra l ,  be p ro p e r ly  
com pensated by an assumed c o r r e c t io n  m a tr ix . In  p r in c ip le ,  i t e r a t i v e  
te c h n iq u e s  can p ro v id e  a c c u ra te  a t te n u a t io n  com pensation , even fo r  
non-un iform  a t te n u a t io n ,  i f  an a c c u ra te  map o f a t te n u a t io n  c o e f f i c ie n t s  
in  th e  o b je c t  i s  o b ta in e d  by a  tra n s m is s io n  scan  w ith  o b je c t in  th e  same 
p o s i t i o n  a s  fo r  em issio n  sc a n . However, t h i s  p ro ced u re  i s  tim e consuming 
and i s  n o t s u i t a b le  fo r  many c l i n i c a l  a p p l ic a t io n s ,  s in c e  two scan s  and 
tw o re c o n s tru c t io n s  have t o  be perfo rm ed . In s te a d ,  sim ple  and f a s t e r  
methods based  on f i l t e r e d  b a c k -p ro je c tio n  can be used  on th e  assum ption  
t h a t  th e  a t te n u a t io n  i s  c o n s ta n t  w ith in  a known re g io n . I t  has been 
shown in  c h a p te r  6 t h a t  such methods com pensate fo r  a t te n u a t io n  
s u c c e s s f u l ly  a s  f a r  a s  th e  o b je c t  i s  sym m etric and a t te n u a t io n  i s  
c o n s ta n t  th ro u g h o u t th e  o b je c t .
The accep tan ce  o f in s c a t t e r e d  p h o tons in  th e  p r o je c t io n  d a ta  fo r  th e  
f u l l - e n e r g y  peak window p roduces image degrad ing  e f f e c t s  in  th e  
r e c o n s tru c te d  im age. I t  i s  p o s s ib le  t o  d is c r im in a te  a g a in s t  in c o h e re n tly  
s c a t t e r e d  pho tons by means o f p u lse  h e ig h t  a n a ly s i s .  The e x te n t  of 
d is c r im in a t io n  p o s s ib le  depends on th e  energy  r e s o lu t io n  of th e  d e te c to r ,  
a s  good energy  r e s o lu t io n  r e s u l t s  in  a  re d u c tio n  in  th e  f r a c t io n  o f 
Compton s c a t t e r e d  ph o to n s a cc ep ted  w ith in  th e  f u l l - e n e rg y  peak window. 
S in ce  our SPECT sc a n n e r , l i k e  most o f SPECT sc a n n e rs , u ses a  N al(T l) 
d e te c to r  which p o sse sse s  10-20% energy  r e s o lu t io n  over th e  energy  range 
o f  i n t e r e s t ,  so  th e  f u l l - e n e r g y  peak window has t o  be s e t  w id e r, due t o  
w hich more o f th e  s c a t t e r e d  p ho tons a r e  a l s o  d e te c te d  in  th e  fu l l - e n e rg y  
peak  window. T h e re fo re  th e  d is c r im in a t io n  o f s c a t t e r e d  pho tons from th e  
f u l l - e n e r g y  peak co u n ts  i s  in e f f e c t iv e  by t h i s  method and d e te c to r  
c o l l im a tio n  i s  th e  more p r a c t ic a b le  s o lu t io n .
The method o f u sin g  a  reduced  v a lu e  o f th e  e f f e c t iv e  a t te n u a t io n  
c o e f f i c i e n t  t o  a llo w  fo r  i n s c a t t e r  can produce h o t-r im  e f f e c t s  in  th e  
f i n a l  image due t o  th e  l e s s  a c t i v i t y  in  th e  c e n tre  (or i t  r e s u l t s  in
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u n d e r -c o r re c tio n  fo r  a t t e n u a t io n ) . So th e  p ro v is io n  o f a  secondary 
" s c a t t e r  window" i s  a d v is a b le ,  a lth o u g h  i t  w i l l  r e s u l t  in  in c re a se d  scan  
tim e  fo r  a  double scan  o r r e q u ir e  more e l e c t r o n i c s  fo r  d u a l-c h an n e l 
s c a n n in g . The s c a t t e r  co u n ts  under th e  fu l l - e n e rg y  peak window a re  
r e l a t e d  t o  co u n ts  in  a  s c a t t e r  window of s im i la r  w id th  by a  f a c to r  K 
whose v a lu e  was found t o  be w ith in  ±7% o f th e  average v a lu e  o f K=0.5. 
The co u n ts  in  th e  s c a t t e r  re g io h , a f t e r  m u ltip ly in g  w ith  th e  f a c to r  K, 
a r e  s u b tr a c te d  from th e  f u l l - e n e rg y  peak window to  g e t  th e  s c a t t e r  f r e e  
f u l l - e n e r g y  peak c o u n ts .
O p tim isa tio n  o f scan  p a ram e te rs  i s  e s s e n t i a l  fo r  o p tim a l p ro d u c tio n  of 
r e c o n s tru c te d  im ages. The r e s u l t s  o f  th e  p re s e n t  ex p erim en ts  in  t h i s  
c o n te x t  showed t h a t  co u n tin g  tim e fo r  each raysum, number of p ro je c t io n s  
and number o f raysums e f f e c t  th e  q u a l i ty  o f th e  im age. The s t a t i s t i c a l  
acc u racy  o f th e  im ages in c re a s e s  w ith  th e  in c re a se  in  th e  t o t a l  number of 
p h o to n s  c o l le c te d .  T h is  can be ach iev ed  by in c re a s in g  th e  co u n tin g  tim e 
f o r  each raysum, u s in g  h ig h e r  a c t i v i t y  so u rces  o r by u sing  a  w ider 
c o l l im a to r .  The in c re a s e  in  cou n tin g  tim e w i l l  in c re a s e  th e  o v e r a l l  scan  
tim e  which i s  n o t  p o s s ib le  in  many a p p lic a t io n s ?  fo r  example in  n u c le a r  
m e d ic in e , where lo n g  scan n in g  tim es  a r e  n o t alw ays p r a c t ic a b le  and may 
le a d  t o  h ig h e r d o ses  o f r a d ia t io n  t o  th e  p a t i e n t .  The use o f h ig h ly  
a c t iv e  so u rces  i s  n o t  alw ays p o s s ib le ,  a s  in  our ca se  where h ig h e r 
a c t i v i t y  so u rces  c o u ld  n o t  be used  due to  th e  i n t e r n a l  s a f e ty  re g u la t io n s  
o f  th e  U n iv e rs ity . But in  n u c le a r  in d u s try ,  where h ig h ly  a c t iv e  so u rces  
a r e  a v a i la b le  s h o r t  co u n tin g  tim es  and narrow  c o l l im a to r s  can be used . 
C o n v e rse ly , re la x in g  th e  s p a t i a l  r e s o lu t io n  by u s in g  la r g e r  w idth  
c o l l im a to r s  e n a b le s  th e  number o f reco rd ed  pho tons t o  be in c re a se d  in  
s i t u a t i o n s  where lew  a c t i v i t y  so u rc e s  a re  en co u n te red .
Improvement in  th e  t o t a l  photon  d e te c t io n  e f f ic ie n c y  can  be ach iev ed  by 
u s in g  an a r ra y  o f d e t e c to r s ,  how ever, such an arrangem ent i s  c o s t ly  and 
an a l t e r n a t iv e  i s  th e  p o s i t io n  s e n s i t i v e  d e te c to r  (PSD). High p re s s u re
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x e n o n - f i l le d  p ro p o r t io n a l  c o u n te r  equipped  w ith  a  carbon  f ib r e  anode have 
b een  shown t o  g iv e  u s e fu l  s p a t i a l  r e s o lu t io n  [MacCuaig e t  a l ,  1986 ], 
T h is  w i l l  d e c re a se  th e  scan  tim e c o n s id e ra b ly  and w i l l  improve th e  
d e te c t io n  e f f ic ie n c y .
The use of l i n e  s c a n s , is o m e tr ic  p lo t s  and c a lc u la t io n s  o f c o n t r a s t  have 
b een  shown t o  be p o w erfu l te c h n iq u e s  in  th e  q u a n t i t a t iv e  a n a ly s is  o f 
im ages. S ince human image p e rc e p tio n  i s  in a d eq u a te  in  th e  a c c u ra te  
assessm en t o f im ages, a  form of d i g i t i s a t i o n  i s  n e c e ssa ry . I t  i s  
d e s i r a b l e  t h a t  th e  q u a n t i t a t iv e  te ch n iq u e  employed be e a s i l y  im plem ented 
and  t h a t  th e  r e s u l t s  can  be r a p id ly  o b ta in e d . The l i n e  scan  s a t i s f i e s  
b o th  o f th e se  req u ire m en ts  and p o s se s s e s  th e  f u r th e r  advantage t h a t  th e  
in fo rm a tio n , w h i ls t  b e in g  q u a n t i t a t i v e ,  i s  a l s o  v i s u a l ly  d isp la y e d .
FUTURE DEVELOPMENTS
The method used  fo r  d ep th  d e te rm in a tio n  o f b e ta -e m itt in g  ra d io n u c lid e s  
in s id e  a  medium can be e f f i c i e n t l y  used  fo r  low Z m edia. For a  deeper 
in s i g h t  in to  th e  b rem ss trah lu n g  "m oderation" i t  would be in t e r e s t in g  t o  
e x te n d  t h i s  method t o  h ig h e r  Z media and t o  h ig h e r  mean energy  so u rces  
w hich would a l s o  be o f s ig n if ic a n c e  in  a  w ider range of in d u s t r i a l  
a p p l ic a t io n s .  A lso th e  a p p l ic a t io n  o f t h i s  method t o  la rg e  volume 
so u rc e s  and th e  e f f e c t  o f  c o l l im a tio n  has y e t  t o  be s tu d ie d .
For m edical p u rp o ses  phantom s o f d i f f e r e n t  body o rg an s can be p rep a red  
and  cu rv es  o f b rem ss trah lu n g  peak p o s i t io n  a g a in s t  th e  th ic k n e s s  /  of 
th e  " t is s u e "  can be o b ta in ed ?  th e  dep th  o f a p a r t i c u la r  so u rce  o r an 
o rg an  can he d e te rm in ed  by com paring th e  d a ta  w ith  th e  c a l ib r a t io n  cu rv e .
B rem sstrah lung  from a  b e ta - e m i t te r  in s id e  an ab so rb in g  medium can  a l s o  be 
m easured in  th e  SPECT mode and th e  sou rce  d i s t r i b u t i o n  can be de term ined
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by in s p e c t io n  o f th e  re c o n s tru c te d  im age. T h is  b ranch  o f CT, 
"b rem sstrah lu n g  em iss io n  tom ography", has y e t  t o  be e x p lo re d  and i s  
s t r o n g ly  recommended fo r  f u tu r e  work.
P h o to n -e m itte rs  can  e a s i l y  be lo c a l i s e d  by SPR and PPR m easurem ents. The 
p r e s e n t  s tu d y  has been  c o n fin e d  t o  th e  beh av io u r o f th r e e  s p e c tr a l  
r e g io n s , namely? th e  f u l l - e n e r g y  peak re g io n , th e  v a l le y  j u s t  below th e  
f u l l - e n e r g y  p eak , and th e  re g io n  around th e  Compton edge in  th e  d e te c to r  
spec trum . The s tu d y  can  be ex tended  fo r  o th e r  p a r t s  o f th e  energy 
sp ec tru m , e .g  th e  d i f f e r e n t  p a r t s  (low er o r upper h a lf )  o f th e  
fu l l - e n e r g y  p eak , th e  re g io n  between two fu l l - e n e r g y  peaks and d i f f e r e n t  
s c a t t e r  re g io n s  co rre sp o n d in g  t o  d i f f e r e n t  Compton s c a t t e r in g  a n g le s . 
F u r th e r  work i s  a l s o  r e q u ire d  t o  see  th e  e f f e c t s  due to :  forw ard  and
back s c a t t e r ,  th e  d im ensions o f th e  s o u rc e , a tom ic  com position  o f th e  
s c a t t e r in g  medium and th e  p resen ce  of e x tra n eo u s  r a d io a c t iv i ty  o u ts id e  
th e  volume under s tu d y .
The m ajor drawback o f  th e  p re s e n t  SPECT scanner i s  th e  long  tim e re q u ire d  
t o  a c q u ire  th e  p r o je c t io n  d a ta .  There a re  s e v e ra l  e x p e rim e n ta l v a r ia b le s  
t h a t  in f lu e n c e  th e  scan  tim e in c lu d in g  th e  a c t i v i t y  o f th e  so u rc e , 
d e te c t io n  e f f ic ie n c y  o f  th e  system , number o f p r o je c t io n s  and number of 
s te p s  p e r  p r o je c t io n .  One way to  reduce th e  scan  tim e  (or co u n tin g  more 
p h o to n s fo r  th e  same tim e) i s  t o  use h ig h e r a c t i v i t y  s o u rc e s .  T h is can 
be a p p l ie d  in  in d u s t r y ,  e .g  scann ing  o f s p e n t f u e l  rods e t c ,  b u t fo r  th e  
p r e s e n t  e x p e rim e n ta l work a  s tro n g  so u rce  co u ld  n o t be used  due to  
re a so n s  s t a t e d  above. A lso in  m edical a p p l ic a t io n s  h ig h ly  a c t iv e  source  
can  n o t be used  in  many c a s e s .  T h ere fo re  th e  re d u c t io n  in  scan  tim e i s  
o n ly  p o s s ib le  by d e c re a s in g  th e  t o t a l  number of d a ta  p o in t s ,  t h a t  i s ,  by 
red u c in g  th e  number o f p r o je c t io n s  and number of raysums p e r p ro je c t io n .  
A reduced  number o f  raysum s p e r p ro je c t io n  t a llo w s  th e  use o f la rg e r  
w id th  c o l l im a to r  a t  th e  expense of s p a t i a l  r e s o lu t io n  a s  th e  requ irem en ts  
f o r  good s p a t i a l  r e s o lu t io n  a r e  l e s s  demanding in  ECT th a n  TCP. A
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compromise betw een r e s o lu t io n  and scan  tim e  can  be o p tim ised  by u sin g  
s l i t  c o l l im a to r s  o f v a r ia b le  w id th  t o  a llo w  more ph o to n s  t o  be c o l le c te d  
by th e  d e te c to r .  A reaso n ab ly  la rg e  number o f pho tons shou ld  be 
c o l l e c t e d  t o  m inim ise th e  e f f e c t  o f s t a t i s t i c a l  f lu c tu a t io n s  in  th e  f i n a l  
im age.
A c o n s id e ra b le  re d u c t io n  in  scan tim e  can be ach iev ed  by u sing  a 
m u l t i - d e te c to r  a r r a y  o r a  p o s i t io n  s e n s i t i v e  d e te c to r  (PSD). The 
p o s s i b l i t y  o f tra n s m is s io n  scann ing  w ith  a  ca rb o n  f ib r e  anode 
x e n o n - f i l le d  p ro p o r t io n a l  co u n te r (PSPC) has  been re p o r te d  by MacCuaig e t  
a l  [1986] o f our group a t  S u rrey . The in c lu s io n  o f  a PSD in  th e  SPECT 
system  w i l l  reduce th e  scann ing  tim e c o n s id e ra b ly  s in c e  a  22cm PSPC i s  
e q u iv a le n t  t o  a t  l e a s t  20 d e te c to r s  [MacCuaig e t  a l ,  1986]. However, 
t h i s  PSPC s u f f e r s  from low i n t r i n s i c  e f f ic ie n c y  and l im i te d  l i f e .  T h is 
can be overcome by u s in g  o th e r  p o s i t io n  s e n s i t i v e  d e t e c to r s ,  e .g  a  sodium 
io d id e  b a r  s c i n t i l l a t i o n  d e te c to r  w hich w i l l  in c re a s e  th e  i n t r i n s i c  
e f f i c i e n c y  by a  la rg e  f a c to r  a t  h ig h e r pho ton  e n e rg ie s  [T ajudd in , 1986].
The pho to n  d e te c t io n  e f f ic ie n c y  can a l s o  be im proved by u sing  an a r ra y  o f 
d e t e c to r s .  At p r e s e n t ,  a  1 6 -d e te c to r  scan n in g  sy stem , fo r  tra n sm is s io n  
s tu d i e s ,  i s  being  developed in  our g roup  a t  S u rre y . T h is s e t-u p  can 
e a s i l y  be ad ap ted  t o  perform  in  th e  e m iss io n  mode w ith  p ro p er e le c t r o n ic s  
and s o f tw a re .
The s im p le  a t te n u a t io n  com pensation te c h n iq u e s  have been shown to  work 
re a so n a b ly  w e ll fo r  c o n s ta n t a t te n u a t io n  c a s e s ,  b u t fo r  v a r ia b le  
a t te n u a t io n  c a s e s ,  i . e  fo r  i r r e g u l a r ly  shaped  o b je c ts  having  non-uniform  
a t te n u a t io n ,  v a r ia b le  a t te n u a t io n  com pensation  methods have to  be u sed . 
The u se  o f RECLBL l i b r a r y  ro u tin e s  fo r  c o n s ta n t  and v a r ia b le  a t te n u a t io n  
com pensation  have been shown t o  work fo r  s im u la te d  d a ta .  They can be 
used  f o r  r e c o n s tru c t in g  r e a l  scan  d a ta  and th e  im ages can be made to  
d is p la y  on th e  g r e y - le v e l  Sigma 5674 te rm in a l  by changing th e
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alphanum eric  c h a ra c te r s  t o  th e  a p p ro p r ia te  g r e y - le v e ls  o r t o  d i f f e r e n t  
c o lo u rs  fo r  co lo u r d is p la y  on th e  HP-9836C s c re e n . The i t e r a t i v e  methods 
o f  a t te n u a t io n  c o r r e c t io n  and r e c o n s tru c t io n  can produce a c c u ra te  
r e s u l t s .  The on ly  drawback o f  th e s e  methods a re  th e  req u irem en ts  o f 
com putation  tim e and la rg e  com puter memory. The com putation  tim e  can be 
reduced  c o n s id e ra b ly  by u s in g  few er i t e r a t i o n s  by re la x in g  th e  accu racy  
re q u ire m e n ts , and by o p tim is in g  th e  i n i t i a l  p aram eter v a lu e s  th e se  
methods can be made r a p id ly  co n v e rg in g .
I t  i s  hoped t h a t  t h i s  a n a ly s i s  o f  problem s en co u n te red  in  SPECT to g e th e r  
w ith  th e  v a r io u s  s o lu t io n s  c o n s id e re d  in  t h i s  t h e s i s  w i l l  soon en ab le  
t h i s  te ch n iq u e  t o  d e l iv e r  i t s  f u l l  p o te n t i a l  in  a  wide range o f m edical 
and in d u s t r i a l  a p p l ic a t io n s .
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